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Abstract— Low-profile patterned plasmonic surfaces are 
synergized with a broad class of silicon microstructures to greatly 
enhance near-field nanoscale imaging, sensing, and energy 
harvesting coupled with far-field free-space detection. This 
concept has a clear impact on several key areas of interest for the 
MEMS community, including but not limited to ultra-compact 
microsystems for sensitive detection of small number of target 
molecules, and “surface” devices for optical data storage, micro-
imaging and displaying. In this paper, we review the current 
state-of-the-art in plasmonic theory as well as derive design 
guidance for plasmonic integration with microsystems, 
fabrication techniques, and selected applications in biosensing, 
including refractive-index based label-free biosensing, plasmonic 
integrated lab-on-chip systems, plasmonic near-field scanning 
optical microscopy and plasmonics on-chip systems for cellular 
imaging. This paradigm enables low-profile conformal surfaces 
on microdevices, rather than bulk material or coatings, which 
provide clear advantages for physical, chemical and biological-
related sensing, imaging, and light harvesting, in addition to 
easier realization, enhanced flexibility, and tunability.   
 
Index Terms—Microsystems, microelectromechanical Systems, 
plasmonic surface, micro/nano fabrication, plasmonics, 
biosensing. 
 
I. INTRODUCTION 
ecent advances in micro-nanoscale technology and in the 
understanding of the mechanisms of light interaction with 
miniature structures have opened a wide range of 
possibilities in manipulating, tailoring, transmitting, and 
processing near-field optical signals in the same way that 
electric signals are successfully processed at lower frequencies 
[1-3]. Optical metamaterials [4-6] in particular exploit the 
resonant wave interaction of collections of plasmonic 
nanoparticles and are able to produce anomalous light 
interaction beyond naturally available optical materials.  
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However, the implementation of these concepts in real 
microsystems are limited by a variety of factors, including 
technological challenges in realizing three-dimensional 
specific nano-structured patterns; inherent device sensitivity to 
fabrication induced disorder and losses; and experiment-
guided modeling of structure interaction with photons across 
multiple scales.  
   Inspired by the concepts of optical metamaterials and the 
peculiar features of plasmonic nanopatterns, “Plasmonic 
microsystems” is an emerging field that is evolving into a 
novel paradigm for the conception of optical plasmonic 
surfaces. Plasmonic patterning is the 2-D sub-wavelength 
conformal arrangements of plasmonic nanoparticles, 
nanoantennas, and nanoapertures or nanogrooves to achieve 
unconventional optical wave interactions with nanoscale 
surface structures. This provides a large degree of flexibility 
and enhanced features in overall response in imaging and 
sensing.  
   It should be noted that standard solutions to pattern the 
optical radiation are already available in the form of lenses, 
reflectors and gratings [7-10]. However, these devices require 
relatively large sizes, do not offer easy tunability or flexibility 
to direct the beam, and do not provide emission or radiation 
enhancement because they are simply based on the reflection 
and refraction properties of standard materials.  On the other 
hand, properly patterned plasmonic surfaces on current and 
future microelectromechanical (MEMS) devices may provide 
much enhanced flexibility in the available degrees of freedom 
to tailor the signal radiation, with additional features of 
interest, such as tunability of the angle of radiation, significant 
overall emission enhancement, and extremely low profile.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.  Schematics of proposed concept: plasmonic microsystems surface 
geometries combining optical plasmonic patterns of different nature to realize 
the bridge between nanoscale sensing, imaging and far-field optical radiation. 
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In plasmonic microsystems, we need to thoroughly explore 
novel designs and geometries to flexibly manipulate optical 
radiation and emission. This can be accomplished through 
optical metasurfaces composed of nanopatterned arrays or 
reflectors characterized by ultralow profile that are capable of 
enhancing light emission in the desired direction and tailoring 
the radiation pattern at will. These concepts may be applied to 
both transmission and reception, and have the potential to 
create a much needed efficient and flexible transition link 
between MEMS based nanoscale sensing and imaging in the 
near-field (Fig. 1) and radiation and detection in the far-field.  
Implementing plasmonic microsystems involves the design, 
technology and fabrication efforts intended at merging 
electromagnetic waves with electromechanical functions. This 
technology provides a framework to combine current micro-
scale devices with nano-scale plasmonic components exempt 
from the diffraction limit. In particular, plasmonic 
microsystems are formed when a nano-scale structure or 
particle interacts or combines with a micro-dimension device. 
Examples of plasmonic microsystems include gold 
nanoparticles (dimensions are usually less than 100 nm) on top 
of solid surface such as silicon wafer or glass slide, or nano-
slit grooves on near-field scanning optical microscopy 
(NSOM) probes.   
 
This paper is organized as follows: Section II reviews the 
fundamental theories and phenomena that establish the basis 
for the study of plasmonic microsystems. Section III describes 
recent advances in the fabrication of sub-100-nm patterns on 
micro scale devices and structures. Section IV reviews the 
recent developments in plasmonic microsystems for 
biosensing applications, including refractive-index based 
label-free biosensing, plasmonic integrated lab-on-chip 
systems, plasmonic for NSOM and plasmonics on-chip system 
for cellular imaging. Section V presents our perspective on the 
current direction in plasmonic micromachining. Section VI 
concludes this paper.   
 
II. THEORY 
Plasmonics is a field of science that explores plasmons; 
collective oscillations of free electron clouds excited via 
polarized waves. The field of plasmonics is key in exploring 
ultrafast and miniaturized electronic, mechanical, and 
biomedical devices. In this section, we first review the most 
important theories and phenomena that form the basis for the 
study of plasmonic waves. We then summarize the theoretical 
physics presented in recent works on plasmonic microsystems. 
Finally, we review two important case studies on plasmonic 
microsystems, namely, the plasmonic NSOM and surface 
manipulation using slits and nanogratings.   
A. Electromagnetic theory  
Electromagnetic wave interactions with metals can be fully 
described using the Maxwell’s equations in a conventional 
macroscopic framework. In macroscopic frame, charges of 
singular nature and their coupled currents are approximated by 
referring to charge density ρ and current density J. In 
differential form, Maxwell’s equations can be written as 
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These equations couple the four macroscopic fields D (the 
electric flux density), E (the electric field), H (the magnetic 
field), and B (the magnetic flux density) with the exterior 
charge (ρ) and current (J) densities. In terms of macroscopic 
electromagnetics, the properties of a medium can be generally 
examined in terms of the polarization P and magnetization M 
according to: 
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Where ε0 and μ0 are the permittivity and the permeability of 
the vacuum, respectively. For an isotropic, linear, and 
nonmagnetic approximation, the constitutive relations can be 
written as: 
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where εr and μr are the relative permittivity and relative 
permeability, respectively. For a nonmagnetic medium we can 
flout the magnetic response, μr = 1. The last important 
constitutive linear relationship is 
J( , ) E( , )t tr r                          (9) 
where  is conductivity. The wave equation is a useful 
description of many types of waves, from light and sound to 
water waves. To derive the wave equation, we take the curl of 
Eq. (1). Using Eq. (2), for a source-free region, the wave 
equation can be written as 
2
2
2
E( , )
E( , ) ,
t
t
t


 

r
r                    (10) 
Here  and  are the electric permittivity (also called absolute 
permittivity,
0 r   ) and magnetic permeability (
0 r   ). Eq. (10) This is actually three equations, which 
together comprise the x-, y- and z- vector components for the 
E field vector. 
 
B. Surface wave electromagnetics 
Surface waves play a key role in studying properties of 
condensed matter at the interface between two media. Surface 
waves can be simply defined as waves propagating along the 
interface between two media and existing in both of them. 
Scientific interest in surface waves stems from their ability to 
confine the energy of wave to the close vicinity of the 
interface of two partnering materials. Any change in the 
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composition of either partnering material in that vicinity could 
alter-even eliminate- the surface wave.  
Zenneck in 1907 [11] initiated the concept of surface 
waves. He envisioned that the planar interface between air and 
ground supports the propagation of radiofrequency waves. The 
idea was later mathematically extended by Sommerfeld, and 
those surface waves have since become known as the Zenneck 
waves [12]. The concept of Zenneck waves were employed in 
the mid-20th century at the interface of a noble metal and a 
dielectric material in the visible range of the electromagnetic 
spectrum, which instigated the concept of surface plasmon 
polariton (SPP) waves. Since then, there has been significant 
advances in both theoretical and experimental investigations 
of SPPs [13, 14]. 
For the metal ԑm at y< 0, and for the dielectric ԑd at y> 0, the 
wave equation in Eq. (10) has to be solved separately in each 
region.  
 
Fig. 2.  Schematic of a surface wave propagating along a single metal-
dielectric interface. 
 
The solution of Maxwell’s equations gives two sets of 
independent responses with different polarizations – TM (also 
known as p-polarized or vertical polarization) and TE (also 
known as s-polarized or horizontal polarization) modes. The 
TE mode has an E field that is perpendicular to the plane of 
incidence; TM mode has an E field that is parallel to the plane 
of incidence. Surface plasmon waves do not support a TE 
mode since the width of the propagation channel (waveguide) 
is much smaller than the exciting wavelength. Considering the 
following boundary conditions for the E field in media 1 (x-
direction (
1x
E ) and y-direction ( 1yE )), and media 2 (x-
direction (
2x
E ) and y-direction ( 2yE )), 
1 2
0,
x x
E E                                  (11) 
1 2
0,
m y d y
E E                                (12) 
These equations show that the parallel field component is 
continuous, whereas the perpendicular component is 
discontinuous. Solving Eq. (12) along with Eq. (3), the 
following relations for the wave vector can be obtained. 
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k k k k k j
c c
 
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Eq. (13) exhibits the dispersion relation between the wave 
vector components and the angular frequency. 
C. Dielectric constant of metals 
We start by deriving the dielectric constant of metals. One 
of the most straightforward but nevertheless valuable models 
to describe the response of a metallic particle exposed to an 
electromagnetic field is the Drude-Sommerfeld model 
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where e and me are the charge and effective mass of the free 
electrons, r is the displacement of electron cloud due to the 
applied electric field, and E0 and ω are the amplitude and 
frequency of the applied electric field. The damping term
d
 is 
proportional to /
d F
l  , where
F is the Fermi velocity and 
l is the electron mean free path between scattering events. Eq. 
(14) can be solved by
0
( )
i t
r t r e

 , which leads to the well-
known dielectric function of Drude form 
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where
p
 is the plasma frequency, and 

 expresses the ionic 
background in the metal (typically 3.7 for silver). If is 
greater than
p
 , the corresponding refractive index ( mn  ) 
is a real number ; on the other hand, if is less than
p
 , the 
refractive index is imaginary since
m
 is negative.  
D. Surface plasmon electromagnetics 
As shown in Fig. 2, the plane interface between a metal at 
y< 0, with a complex dielectric constant
m
 , in which the real 
part is negative (metals at terahertz (THz) region have 
negative real permittivity this is a critical criterion for SPP 
waves since in this situation the wave can actually penetrate 
inside the metal), and a dielectric at y> 0, with a positive 
dielectric constant is the most straightforward geometry that 
can support a SPP wave. As mentioned earlier, only the TM 
mode (Hz, Ex, and Ey) solutions are taken into account for SPP 
propagation. Propagating waves can be described as 
E( ) E( ) e
i x
x, y, z y

 in which
x
k  is called the propagation 
constant of the traveling wave. By taking into account Eq. (1) 
and Eq. (2) and identifying the propagation along the x-
direction ( / x i   ) and homogeneity in the z-direction (
/ 0z   ) and ( / )t i    , the following equations can be 
derived to describe the TM mode 
0
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and the wave equation for the Hz component as 
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For the half-space in Fig. 2, the TM wave can be written for 
upper and lower halves as 
2
2
H (y) A
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(Media 2) 
(Media 1) 
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for y< 0. Due to boundary conditions and the wave equation 
for Hy, we have 
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Finally, the dispersion relation of SPPs propagating at the 
interface between the interface of two half spaces can be 
obtained as 
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Fig. 3 presents the dispersion of surface plasmons as a 
function of wavevector. It can be seen from Fig. 3 that for a 
given frequency, a free-space photon has less momentum than 
an SPP since they don’t intersect. On the other hand, coupling 
medium such as a prism can match the photon momentum due 
to higher refractive index compared to free-space which shifts 
the prism-coupled dispersion curve so that the curves intersect. 
SPPs coupling with a prism light with relative permittivity of 
1.5 with silver is presented in Fig. 3. 
 
 
Fig. 3.  Dispersion relation of SPPs at the interface of a metal and a dielectric. 
 
E. Transmission line theory (TLT) 
Transmission line theory (TLT) is a fully analytical, fast, 
and reliable methodology for analyzing wave propagation in 
metallic and dielectric structures. It has been extensively 
exploited to investigate the wave propagation in plasmonic 
structures. In this section, we briefly review the literature on 
TLT concerning plasmonic microsystems and biosensing 
applications.  
Considering a metal-dielectric-metal (MDM) waveguide in 
Fig. 4 consisting of a dielectric layer of thickness h surrounded 
by two metallic layers. For h much smaller than the 
wavelength, only the fundamental transverse magnetic (TM) 
waveguide mode can propagate along the waveguide. 
 
 
 
 
 
 
 
 
 
 
Fig. 4.  Surface plasmon MDM waveguide with dielectric layer of thickness h. 
Only the TM mode can propagate inside the waveguide for h much smaller 
than the wavelength. 
 
The effective refractive index of an MDM waveguide can be 
calculated via [15] 
4
eff
MDM SPP
n i
k L
  
 
                       (27) 
where 2k   is the wavenumber. The real part of Eq. (27) 
describes the guided wavelength (
MDM
 ) and the imaginary 
part determines the propagation length (
SPP
L ). The complex-
valued propagation constant (  ) can be obtained via the 
following dispersion relation for the TM-SPP modes [16] 
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ik h k
k
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where  sign presents the symmetric and antisymmetric 
resonance modes, and 
2 2 1/2
(j 1, 2)( k ) ,
j j
k      where 1
and 2 are the relative permittivity of the dielectric and metal, 
respectively. When the width of the MDM waveguide is not 
too small, Eq. (28) can be further approximated as 
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0 2
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
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in which k0 is the optical wave vector in vacuum. 
Our first example considers a recent work by Li et al. [17] in 
which they have proposed a THz MDM waveguide sensor 
with an embedded microfluidic channel. The proposed 
structure is suitable for sensing the refractive index variations 
in liquid. The proposed THz waveguide with a two layer-stub 
structure is conceptually outlined in Fig. 5a. The transmission 
spectrum is analytically described using the TLT method and 
compared with the numerical results obtained using the finite-
difference time domain (FDTD) method. Initially, the 
waveguide of width d is substituted by a transmission line of 
characteristic impedance of  
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where
d
 and   are the relative permittivity of dielectric and 
wave impedance in the dielectric, respectively, and  has been 
obtained using Eq. (29). The impedance of medium can be 
related to the impedance of free space 0 using 0 / n   
(inversely proportional to refractive index). The TLT 
equivalent network of the biosensor presentation is presented 
in Fig. 5c. The effective impedance corresponding to the two 
layer-stub fraction of transmission can be derived by   
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in which
d
 is the propagation constant of surface plasmons in 
the spacing dielectric, and
L
Z  is the effective impedance for the 
liquid microfluidic sample and is calculated via 
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Fig. 5.  The proposed structure of a THz MDM waveguide with a two 
stacked sensing stubs including a dielectric spacer and a sample of liquid 
biomaterial layer (a) 3-D Schematic (b) 2-D Schematic (c-d) the equivalent 
transmission-line representation, and its equivalent circuit model [17]. 
 
where
d
Z and
s
Z are the characteristic impedances 
corresponding to 
d
 and
s
 (sample permittivity), respectively 
and  βS is the SPP propagation constant in the microfluidic 
sample [18]. Finally, the transmission properties of the MDM 
waveguide calculated using the following formula  
2
T 1 exp( )
2
SPP
stub
air
Z L
Z L

                       (33)  
Eq. (33) can be further extended to model wave propagation in 
two and multiple stubs [15]. 
The second example includes a slit-grating analysis using the 
TLT method. The transmission properties of the plasmonic 
nanograting structures are usually coupled with sharp 
resonances over a narrow bandwidth [19]. This methodology 
has been used to enhance on-chip quantum dot cellular 
imaging resolution. In this section, theoretical analysis using 
the TLT method that was used by the authors to analyze the 
scattering from this structure has been reviewed. The details of 
the applications of the proposed technique will be reviewed in 
the applications section.  
Initially, the proposed geometry is partitioned into small grids 
of transmission line (TL) unit-cells, each excited with a 
different phase 0 sinp k    for a given incidence angle . 
Next, the TLT method is applied for each unit cell. The 
surrounding medium is approximated via wavenumber 
0 0 cosk  and characteristic impedance per unit length 
 
1/2
0 0 0 cosZ p    . Beginning from the TM-mode 
dispersion in Eq. (28) and following the same procedure 
mentioned above, the reflection coefficient at the entrance of 
the slits can be obtained as 
   
   
2
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
  
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in which the input impedances per unit length at the series 
junctions are 
 
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 
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Fig. 6.  A plasmonic nanograting device forming a loaded waveguide (top) 
partitioned structure into a series of unit cells.   is the incident angle (bottom 
left) the corresponding TLT model. p  is the period,  D 2l p w   is the 
stub length, Mt  is the metal thickness, and, Dw  and Sw  are the widths of 
dielectric layer and slit, respectively. The equivalent load impedance LZ

 can 
be readily calculated by evaluating the ratio for forward and backward 
magnetic-field waves at the periodic boundary [19].  
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It has been shown that the proposed structure can support 
sharp bandgap responses which can be used for spectral 
manipulation and effective suppression of light transmission.  
F. Plasmonic NSOM tip theory 
 Near-field scanning optical microscopy (NSOM) is a 
scanning probe based optical microscopy technique that can 
provide high-resolution optical imaging with sub-diffraction 
limit resolution by exploiting the properties of evanescent 
waves [20-22]. NSOM plasmonic tips can be considered as 
one the most interesting applications of plasmonic 
microsystems in which nano-scale plasmonic slits and grooves 
have been used to focus optical energy at the apex of a probe. 
The applications of plasmonic NSOM probes in near-field 
imaging will be reviewed in the applications section.  
The simplest plasmonic geometry that can be mounted on a 
probe is a single-slit coupler in Fig. 7 [23]. The goal is to 
control and optimize the width of a slit in order to generate 
unidirectionally propagating SPPs in one direction and perfect 
reflections of the waves in all other directions. This condition 
will focus and guide the surface plasmon energy to the apex of 
the probe.  
 
 
 
 
 
 
 
 
Fig. 7.  A metal slit to excite unidirectional surface plasmons. The blue 
arrow indicates the direction of the wavevector of TM polarized plane wave 
incident on the backside of the thin metal with the incident angle Ɵ. t
slit
is the 
thickness of the metal film. (Inset shows how the silt can be mounted on a 
NSOM probe).  
 
The angular spectrum of the slit can be derived as 
(k ), z (x, z) (x, z)exp[ ]dxx xA u jk x


             (36) 
in which (x,z) describes the slit geometry and (x,z)u is the 
amplitude for a monochromatic wave in phasor form
(x, z, t) u(x, z)e
j t
U

 . For effective surface plasmon 
generation, the parameters that maximize the value of 
(k ),z tspp slitA   will be the optimized geometric parameters.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8.   Schematic drawing of plasmonic Nanograting on the left-had side 
of the slit in Fig. 7. The Nanograting structure is used to direct SPPs to the 
right-hand side. (Inset shows how the silt can be mounted on a NSOM probe). 
 
Slit-grating and groove geometry in Fig. 8 can be used to 
generate more strongly confined unidirectional SPPs by using 
proper geometrical parameters. The slit nanograting on the 
left-hand side of the groove generates standing waves in 
harmony with the wavelength of surface plasmons inside the 
groove. A nanograting structure with / 2sppk n d , where n 
is the grating index of diffraction, is exploited to increase the 
directivity of SPPs by attaining destructive interferences on 
the left wall of the slit. At the exit point of the slit, the 
directivity of the surface plasmon excitations can be 
determined using  
right
y
left
y
H
Directivity
H
                                 (37) 
where rightyH is the y-directed magnetic field component 
determined at the right-side of the slit and leftyH is the 
magnetic field obtained at the left-side of the slit. 
 
G. Plasmonic nanograting theory 
Since the original report of grating diffraction by 
Hopkinson and Rittenhouse [24], the interaction of light with 
periodic and nanograting structures have become a fascinating 
subject for understanding the nature of light-matter 
interaction. The wave diffraction offers the ability to control 
the spatial and spectral orders of light, which can be exploited 
in many notable applications such as color filters and 
fluorescence spectroscopy. Maisonneuve et al. [25]  have 
exploited a nanograting structure as a coupling medium to 
match the photon and SP wavevectors. This idea was later 
extended to design a phase sensitive sensor on a plasmonic 
nanograting.  
Zhang’s group in [26] has exhibited a unidirectional optical 
beaming obtained via an array of sub-wavelength nano-slits on 
a metallic surface. The proposed geometry contains a 
subwavelength size slit with an array of periodic gratings 
(bumps) on its left-hand side which are patterned on a 250 nm 
Ag film as shown in Fig. 9. 
 
 
 
Fig. 9.  Sub-wavelength slit with a single-sided array of periodic 
corrugations [26]. 
 
The nano-slit is used to couple the TM polarized incident 
light into SPPs. The scattered wave from each nanograting can 
be obtained using the wave equation in Eq. (10). The scattered 
wave is due to the interaction of surface plasmon waves and 
the nanograting. The scattered wave S
iE from each grating i
Silt on a probe 
Silts on a probe 
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was calculated using the superposition of perturbed EPi and 
unperturbed U
iE fields. 
 
2
0
(x,z) E (x,z) (x,z)
[ (x ,z ) (z )]
(x x ,z, z ) E (x ,z )d
S P U
i i i
i P U
P
i i
E E
A k
G
 
 
   
      
                  (38) 
in which G is the Green’s dyadic. Considering the phasor 
form, Eq. (38) can be written as  
2
0
0 0
[ (x , z ) (z )] (x , z )d
exp( jk j jk d )
S U
i P U i i
SE
SP i
E k E 
 
       
   
           (39) 
 
where P and U are the perturbed and unperturbed dielectric 
constants of the nanograting corresponding to EPi and
U
iE [26]. 
A phase matching condition has been used to obtain a 
collimated directional beam using 
0
0
d sin 2 ,
k d ,
d sin 2 ,
SE
SE i i
SP i SE
i i
k m i odd
k m i even
 
  
  
 
  
         (40) 
 
where im is the diffraction order at the ith edge. The presented 
results demonstrate the applicability of this approach to design 
efficient directional plasmonic beaming using nanograting 
arrays.  
In this section, we have reviewed the fundamental EM 
theories that shape the basis for the study of surface plasmonic 
waves. Starting with the Maxwell’s equations, we have 
derived the dispersion relation for surface plasmons. The 
solution of wave equation supports two independent modes, 
TE and TM modes. We showed that the TLT method can be 
used to analytically analyze wave propagation in many 
plasmonic microsystem devices. Although the aforementioned 
methods can be applied to investigate EM scattering from a 
variety of plasmonic structures, numerical methods are more 
desirable for complex plasmonic microsystem devices. Novel, 
fast, and versatile numerical and analytical methods are 
currently under development for plasmonic microsystem 
structures [14, 27].    
III. FABRICATION 
The practicability of plasmonic microsystems depends upon 
the ability to fabricate these devices in the lab. Numerous 
nanofabrication techniques exist, each of which offers unique 
advantages and disadvantages in terms of performance, 
materials, applications, and geometry of the desired structure.  
It is not our goal in this paper to provide a comprehensive text 
on nanofabrication methodologies. Rather, this section aims to 
review the body of literature with plasmonic patterns on 
micro-scale devices and to highlight recent advances in 
plasmonic fabrication and nanolithography. 
Because most materials depict properties and features 
considerably different from their bulk form in dimensions 
below 100-nm, the 100-nm scale has been settled as the 
threshold between nanotechnology and conventional 
microscale technologies. Here, we review the fabrication of 
sub-100-nm resolution plasmonic patterns on micro scale 
devices. Readers seeking a more detailed discussion regarding 
general nanofabrication techniques are referred to the 
following canonical books [28-31].  
In this section, we classify plasmonic microsystem fabrication 
techniques by the resolution achievable as well as the 
associated physical principles. We also introduce a variety of 
methodologies that are currently under development in the 
laboratory. 
 
A. Photolithography 
Photolithography, or “optical lithography”, is the most 
reliable and least expensive lithography technology currently 
available for industrial microfabrication. Although it was 
initially designed for the microelectronics industry, 
photolithography has proven to be a powerful tool in 
plasmonic microsystems. For example, fabrication of 100 nm 
line patterns and 70 nm isolated lines have been realized using 
an intermediate hard mask material such as silicon oxide or 
silicon oxynitride [32]. Patterning with sub 100-nm resolution 
using a single layer of deep-UV photoresist (175 nm thick) has 
also been demonstrated (by using Sandia's 10x-Microstepper 
Extreme ultraviolet (EUV) imaging system) [33]. At even 
shorter X-ray wavelengths of light, photolithography was used 
to fabricate structures as small as 50 nm and at a limit even 
sub-30 nm [34-36]. Researchers at  ENEA Frascati Research 
Center in 2008 reported the fabrication of structures with less 
than 90 nm using EUV at 14.4 nm [37, 38]. EUV lithography 
is now at the technological forefront in the challenge to 
miniaturize electrical components for semiconductor industry. 
Recently in 2015, researchers at the Lawrence Berkeley 
National Laboratory [39] engineered patterns at dimensions 
less than 20 nm with a low-cost photoresist. Furthermore, 
photolithography has been recently applied in the fabrication 
of subwavelength structures that operate at THz frequency.  
The pioneering work regarding photolithography for 
plasmonic and metamaterial devices has been reported by Yen 
et al. [40] in which they have created an array of nonmagnetic 
and conducting split-ring resonators (SRRs), as shown in Fig. 
10.  
 
 
Fig. 10.  Realized magnetic metamaterial structure using photolithography. 
Figure taken from [40]. 
 
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
8 
 
Their metamaterial structure was fabricated via a special 
photolithographic technique termed “photo-proliferated 
process (PPP)” on a 400-µm-thick quartz substrate. The 
process is diagrammed in Fig. 11. 
 
 
 
Fig. 11. Fabricated magnetic metamaterial structure using photolithography 
[40]. 
 
Initially, a negative photoresist (PR) with the thickness of 5 
μm is spun onto the polished quartz substrate. Next, the 
designed SRR pattern on the photomask is transferred by a 
contact-mode lithographic process. After the pattern transfer, 
100 nm thick chromium (Cr) and 1 μm thick copper (Cu) 
layers are evaporated to fill inside the SPR patterns using an e-
beam evaporator. Lastly, an acetone solvent rinse in an 
ultrasonic bath is employed for the lift-off process. The result 
of the first step is a conductive, SRR shaped non-magnetic 
layer, patterned on the transparent quartz substrate.   
In the second phase of lithography, another layer of PR is 
spun on the SRR mold. Eventually, a second copper 
evaporation and lift-off process are repeated to heighten the 
thickness of the conductive SRR structures.  
Martin et al. in 2010 [41] have used photolithography along 
with shadow evaporation to fabricate sub-10 nm metallic 
(including gold) gap sizes for plasmonic applications as shown 
in Fig. 12. In their proposed two-stage method, first an EUV 
interference lithography was exploited to pattern a 1D line 
array on the glass or silicon substrate.  A 13.5nm wavelength 
coherent beam was used to transfer two identical gratings on a 
PR. The diffracted beams caused by the gratings overlap to 
form high resolution patterns with dimensions below 10 nm 
half pitch.  Secondly, glancing angle deposition (GLAD) was 
used to deposit metal layers on the PR. 
 
 
Fig.12. (a) SEM image of the top and (b) cross sectional view of a sliced 
gold nanogap array compared with ballistic simulation results. The angle of 
evaporation is 60 degrees from the surface normal. The resulting gap size is 
approximately 13 nm. Figure adapted from [41]. 
 
B. Nanofabrication using charged beams 
Nanofabrication by charged beams, including electron beam 
lithography (EBL) and focused ion beam lithography (FIB), is 
based on carrying and shooting energized particles onto a 
substrate material in order to perform structuring either by 
exposure of energy-sensitive polymer materials or by 
removing material directly. The major advantage of using 
charged beams is that they can be focused into extremely 
small regions. Other advantages of charged beams lithography 
over the photolithography techniques involve very high 
resolution and versatile pattern formation [42] which are 
critical for plasmonic microsystems [43]. 
El-Sayed et al. at Georgia Tech employed EBL to fabricate 
pairs of gold nanoparticles with altering interparticle distance, 
in order to study the effect of plasmon waves on the phonon 
oscillation [44]. The gold nanoparticle pairs were drawn on a 
quartz glass slide using a JEOL JBX-9300FS 100 kV EBL 
system. A 65-nm layer of PMMA polymer (an electron-
sensitive resist) was spin-coated on the transparent quartz slide 
and cured at 180 °C for 3 min. Next, a 10-nm thick gold layer 
was mounted on the substrate using a thermal evaporator to 
make the substrate conductive. The structure is shown in Fig. 
13.  
 
 
Fig. 13.  SEM images of several nanodisc pairs having interparticle gaps of 
(a) 2 nm, (b) 7 nm, the insets presents the amplified images of the nanodisc 
pair [44]. 
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Giessen’s laboratory at the Universität Stuttgart produced a 
metamaterial structure consisting of an array of a stack of two 
identical SRRs [45] fabricated using the EBL and layer-by-
layer stacking method. In the first step, 250-nm thick gold 
nanorod structures are fabricated in positive resist by EBL. 
Next a 100-nm-thick solidifiable photo polymer spacer is 
coated on the first layer. Subsequently, a second SRR structure 
was fabricated on the sample using gold film evaporation and 
EBL. The total area of the fabricated structures was 200 × 200 
μm. In addition to bi-layer structures, multilayer structures 
have been also fabricated using EBL [46]. Some modification 
of EBL like scanning transmission electron microscope 
(STEM) are capable of 2 nm [47] and even 0.7 nm patterning 
using electron beam-induced deposition (EBID) [48]. This 
fabrication method can be used to fabricate multilayer 
plasmonic structures such as plasmonic Yagi–Uda antenna and 
perfect plasmonic absorbers [49].  
 
Fig. 14.  (a) Gap sizes about 3 nm size obtained by EBL in [47], (b) An 
isolated feature with average line width of 4±0.8 nm [47], SEM cross-
sectional micrograph of a tri-layer lift-off process after Au evaporation [46]. 
 
Zhang’s group used EBL to experimentally demonstrate 
tunable plasmonic radiation from a periodic array of 
plasmonic nano-scatterers [26, 50]. The proposed structure can 
be tailored to convert surface plasmon polaritons into 
directional, high gain leaky modes. The schematic of the 
proposed tunable directional optical antenna is shown in Fig. 
15.  
 
 
Fig. 15. (a) Schematic of the proposed tunable directional optical antenna. 
The subwavelength slit is supported with an array of periodic nanograting 
from the left-hand surface to confine and guide the confined energy of SPPs 
into one specific direction. εD, εM, and εSUM indicate the relative permittivity of 
surrounding medium, metal, and supporting substrate (glass slide), 
respectively. Directive radiation at an explicit angle θ can be reached by an 
appropriate choice of surrounding medium and operating wavelength λ. The 
directivity of the structure can be further improved by optimizing the 
illumination angle φ. (b) SEM of the fabricated device [50]. 
As mentioned in the theory section, NSOM is one the most 
fascinating applications of plasmonic microsystems. For 
NSOM, probe-based nanoantennas are the key technical units. 
Taminiau et al. used a focused Ga+ ion beam [51] to create a 
precise stretched probe with a 50 nm width and 20 nm radius 
of curvature. The device sports a 100-nm aperture on a flat 
end face. Fig. 16 shows the scanning electron microscopy 
(SEM) images of the resulting probe-based antenna [52]. 
 
 
 
Fig. 16.  A probe-based nanoantenna (SEM images): (a) viewed from a 52° 
angle and (b) side view [52]. 
 
For plasmonic microsystems applications, smooth surfaces 
are of utmost importance. Unfortunately, metal films 
deposited by evaporation are inherently rough due to 
polycrystallinity. In order to overcome this drawback, Prof. 
Oh’s research group from the University of Minnesota 
combined accurately patterned silicon substrates with template 
stripping to achieve ultra-smooth metal films with grooves 
[53]. Fig. 17 presents the process in which a silicon substrate 
with circularly patterned concentric grooves are defined by 
FIB. A 275-nm thin film Ag was thermally evaporated on the 
silicon substrate, next, epoxy was added, and peeled off the 
bilayer. 
 
Fig. 17.  Ultrasmooth plasmonic patterning: (a) Schematic of the 
fabrication process. (b) FIB patterned silicon wafer, (c to e) SEM images of 
the ultrasmooth patterns after separating the silicon template from the circular 
grooves [53]. 
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C. Scanning Probe Lithography (SPL) 
    Up to this point, we have reviewed sub-100-nm and 
photonic/plasmonic nanofabrication methods based on 
photons and charged beams (electrons and ions). To be able to 
fabricate sub-100-nm scale plasmonic microsystem structures 
using photolithography, many tricks apart from short 
wavelength have to be used in photon-based lithography (such 
as high numerical aperture (NA)). In addition, very 
complicated charged beam systems are required in charged 
particle-based lithography. Another problem with lithography 
using either photons or charged beams is that they always rely 
on a polymer material (photo-resist or electron-resist) as an 
imaging layer.  
 For low-cost and ultrahigh resolution nanoscale patterning 
and printing technologies, scanning probe lithography (SPL) is 
an alternative to expensive photon or charged beam techniques 
because it does not require costly equipment. SPL utilizes a 
scanning probe device (a sharp tip) in close vicinity of a 
sample to draw nanometer-scale features on the sample. 
Scanning probe microscopy (SPM) refers to a group of probe-
based methods and techniques that examine the local 
interaction between a sharp tip (less than 100 nm in radius) 
and a sample to attain electrical, mechanical, biological, or 
chemical information about the surface with high spatial 
resolution. Today there are many different types of SPMs used 
for diverse applications ranging from biological probing to 
material science to semiconductor metrology [54]. Three main 
technologies inside the SPM family are scanning tunneling 
microscopy (STM) [55], atomic force microscopy (AFM) 
[56], and NSOM [57]. Among them, NSOM is the most 
common tool used for plasmonic fabrication. In NSOM, 
patterning of nanostructures is done via a direct writing 
process that works by the confined optical near-field at the tip 
of a fiber probe. The fabrication of nanostructures in a size 
below the diffraction limit of the light source is attainable by 
using localized plasmonic waves. Both contact mode [58] and 
non-contact mode [59] NSOM has been used in order to 
fabricate sub-100-nm elements for plasmonic and 2D photonic 
structures in [60]. 
The first practical plasmonic NSOM probe was first 
demonstrated in 2008 by the pioneering work of Wang et al. 
[61]. The conic plasmonic lens they demonstrated consists of a 
subwavelength aperture at the apex of the cone enclosed by 
concentric rings in an aluminum thin film deposited on a 
tapered fiber tip, as shown in Fig. 18a. By using this method, 
the tight focus of an approximately 100-nm beam spot was 
obtained.  
 
 
 
 
Fig. 18.  (a) Schematic drawing of the aperture based conic plasmonic lens. 
NSOM probe consists of nanostructured plasmonic lens being fabricated on 
the end of an optical fiber. 100 nm aperture on the NSOM tip (b) before and 
(c) after the fabrication of the plasmonic lens. Scale bar is 1 um [61]. 
 
One of the most attractive and promising techniques as far as 
plasmonics is concerned is the dip-pen nanolithography 
(DPN), which first was reported in 1999 [62]. DPN employs 
an AFM tip which is coated with a thin film in order to 
transfer molecules from the tip to a solid substrate of interest 
(such as gold) through capillary transport. The mechanism can 
be compared to writing with a fountain pen on paper in which 
the ink is transported from the pen to a substrate. The 
advantage of DPN over other nanolithography techniques is 
the potential to selectively place several types of molecules to 
the same specific site of a nanostructure, providing the 
capability to modify selective chemical functionality of the 
surface in nanoscale. Accurate control of DPN parameters 
including, temperature, humidity, writing speed, and tip 
substrate,  can be used to obtain dots and lines as small as 10-
15 nm [63].  
 
D. Emerging techniques 
    Although costly nanofabrication tools such as EBL, FIB, or 
EUV projection lithography can be successfully implemented 
to construct a variety of plasmonic microsystems structures, 
they do not offer expedient, low cost fabrication methods that 
allow for industrial-scale manufacturing. Alternative 
techniques to cost-intensive or limited-access fabrication 
methods with nanometer resolution have been under 
development for nearly three decades. This section will briefly 
review the most recent and state of the art sub-100 nm 
plasmonic microsystem structures nanofabrication techniques. 
 
1) Nanoimprint lithography (NIL) 
Nanoimprint lithography (NIL) is one of the most promising 
low-cost, high-throughput technologies for plasmonic 
microsystems fabrication [64, 65]. Its main element is a 
patterned “mold” or “stamp” that is pressed onto the surface of 
a polymer in order to pass on its pattern. In 1995, NIL was 
proposed and demonstrated as a technology for sub-50 nm 
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nanopatterning [66]. There have been several key 
achievements in the development of NIL as a nanofabrication 
technique over the past several years. Sub-100 nm resolution 
metallic nanograting patterns on a 6-in. silicon substrate was 
reported in 2000 [67]. In the same year, a new class of specific 
polymers developed for NIL which triggered its commercial 
use [68].   
NIL can be used to develop various plasmonic geometries 
including grooves, slits, holes, and 3-dimensional tiered 
structures. Recently, the ability to fabricate fishnets by 
nanoimprinting has been demonstrated [69]. The structure was 
fabricated in a pre-deposited three-layer MDM stack. J. L. 
Skinner et al. in [70] explored the possibility of plasmonic 
biosensing using silver and aluminum nanohole arrays. Both 
arrays, with periodicity of 500 nm and nanohole diameters of 
110 nm, were fabricated through NIL. Fig. 19 shows arrays of 
gold nanocones that have been fabricated using UV-NIL for 
plasmonic sensing applications [71]. Nanocones are 130 nm in 
base diameter and are ordered in a square grid with a 300-nm 
period. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 19.  An array of gold nanocones on a silicon substrate. The period is 300 
nm, the cone bottom diameter is 130 nm, and the average height is 257 nm 
(Ti/Au 20/230 nm). The proposed method can be used to fabricate a variety of 
plasmonic metallic structures [71]. 
 
 For plasmonic microsystem applications, sharp V-groove 
structures are of a great importance since they guide and 
propagate “channel plasmon-polariton modes”. Kristensen et 
al. [72, 73] have exploited a combination of UV-NIL for the 
fabrication of sharp V-groove structures. The fabricated 
structures are presented in Fig. 20. 
 
Fig. 20.  (a-b) Silicon stamp, and its replication in PMMA. (c) Tilted SEM 
image of a V-groove containing a Bragg grating filter (BGF) [72]. 
 
The authors later used the same methodology to design a 
spectral plasmonic filter with Bragg gratings in V-groove 
waveguides [72]. 
 
2) Soft lithography 
In the NIL section, we stated that molded polymer pattern 
structures can be transferred from a mold by pressing it into a 
substrate by NIL. In 1993, Kumar and Whitesides proposed 
another imprinting technique which employs a flexible 
elastomer soft mold (polydimethylsiloxane (PDMS)) to 
transfer alkanethiol ink to a substrate coated with gold thin 
film [74]. The proposed method was later called soft 
lithography and became an important replication technique in 
plasmonic microsystems. The introduction of novel composite 
stamps in 2002 extended the capabilities of soft lithography to 
the generation of 50-100 nm features. Whiteside’s research 
group in 2002 developed an improved soft mold, namely 
“composite stamp”; a two-layer stamp devised of a stiff layer 
(30-40 µm h-PDMS) supported by a thick flexible layer (3 
mm slab of 184 PDMS) [75] which extended the capability of 
soft lithography to sub-50 nm features. Fig. 21 shows lines 
with about 50 nm thickness fabricated using the proposed 
composite stamp.  
 
 
 
Fig. 21.  SEM of the fabricated uniform, 50 nm thick lines manufactured from 
the proposed composite soft stamp. Figure taken from [75]. 
 
    While soft lithography can pattern plasmonic metals over 
large areas, this technique has some drawbacks in producing 
ultra-smooth metal patterned that are required for plasmonic 
microsystems. Besides, periodic gratings with less than 
approximately 80 nm thickness, adhere to each other because 
of the displacement during stamp alignment and they cannot 
reform into the correct order because of adhesion forces.  
In 2007, Teri Odom’s group developed soft interference 
lithography (SIL): a high-throughput nanofabrication 
technique based on soft lithography applied to plasmonic 
microsystem applications [76]. SIL merges the wafer-scale 
nanopattern production capabilities of interference lithography 
(IL) [77, 78] with the flexibility and versatility of soft 
lithography. 
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Fig. 22.  (a) Illustrating the SIL fabrication process of infinite nanohole arrays 
and finite-sized patches of holes. (b) Infinite silicon nanohole arrays with 100-
nm size holes. (c) Silicon patch nanohole array [76]. 
 
SIL uses nanoscale patterns generated by IL as high-resolution 
stamps for soft lithography, as shown in Fig. 22. To transfer 
patterns from the master onto a positive-tone photoresist, the 
SIL photomask is placed in contact with the photoresist and 
then exposed to UV light. Developing the photoresist at this 
point generates posts with identical tangential dimensions to 
the IL master (that is, infinite arrays). Exposing the photoresist 
for a second time through a chromium mask and subsequently 
developing the pattern forms microscale patches of post arrays 
(referred to as finite arrays). The photoresist patterns are 
mapped onto metal or dielectric films using a soft 
nanofabrication procedure called PEEL (Phase-shifting 
photolithography, Etching, Electron-beam deposition, and 
Lift-off) [76]. Fig. 23 displays nanopyramidal gratings for 
screening plasmonic materials [79] fabricated via SIL. The 
structure has been used to generate plasmon dispersion 
diagram for Al, Ag, Au, Cu, and Pd. 
 
 
 
 
Fig. 23.  Plasmonic materials on pyramidal nanograting. Optical micrograph 
(a) SEM (b and c) images of a large-area (0.9cm × 2.3cm) silicon pyramidal 
slit-grating. (d) SEM image of a 170-nm-thick Au film deposited on the 
silicon master. Reprinted from [79]. 
 
 
3) Nanosphere lithography (NSL) 
To enhance the consistency of particle size and 
arrangement, in 1995 Van Duyne and colleagues proposed a 
unique and simple fabrication method to fabricate plasmonic 
metal nanoparticles called nanosphere lithography (NSL) [80]. 
NSL utilizes a monolayer of tightly packed polystyrene 
spheres on a substrate surface as a masking layer which can be 
patterned using both bottom-up and top-down techniques such 
as EBL or self-assembly [81]. The first step in NSL is 
dropping polystyrene nanospheres on a pristine, pre-prepared 
glass substrate. The hexagonally close-packed (Fischer 
pattern) nanospheres create a crystal structure in which the 
gaps between the spheres form a regular array of dots. Next, 
the array is filled in with thermally evaporated silver. 
 
 
Fig. 24.  SEM images of (a) deposited and (b-f) annealed Au nanoparticles. 
The pattern was annealed gradually with increasing temperatures at each 
phase, the images were taken after each annealing step. The corresponding 
annealing temperatures were (b) 205, (c) 325, (d) 451, (e) 700, and (f) 930 °C. 
Scale bars = 200 nm [82]. 
 
 
After deposition, the polystyrene spheres are removed by 
agitating (sonicating) the entire substrate in either CH2Cl2 acid 
or absolute ethanol, and the product is an array of triangular 
dots. Fig. 24 shows the triangular nanoparticle shape after 
deposition by NSL [82]. As it can be seen from the results, 
different shape nanoparticles with different sizes has been 
fabricated using the proposed method. The method can be 
readily extended to pattern plasmonic microsystem devices 
[83, 84].  
NSL has been widely used for the fabrication of plasmonic 
patterns such as nanowires, nanocones and triangular arrays 
[85-87]. As an interesting example, Fig. 25 shows an array of 
gold nanocones fabricated with NSL over an area larger than 
100 μm2.  
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Fig. 25.  (a) SEM outline of gold nanocones fabricated over an area of 
more than 100 μm2.  Polystyrene spheres with diameters decreased in an 
oxygen plasma were exploited as the mask. The magnified image presents the 
homogeneous hexagonal pattern of cones with individual grain boundaries 
and missing cones (b) Procedure (double layer and alumina mask) utilized to a 
silver film leads to sharp-tipped silver cones with a smaller tip aperture angle 
than for the gold cones [88]. 
 
In this example authors reported the homogeneous distribution 
of gold nanocones with the tip radius of less than 10nm using 
a monolayer mask of oxygen plasma treated polystyrene 
nanospheres. 
IV. APPLICATIONS 
Based on the theories discussed in section I and the versatile 
fabrication techniques described in section II, plasmonic 
microsystem devices have been utilized in different 
applications such as sensing, optical data storage, 
microimaging and displaying. In the following section, we 
will discuss the use of plasmonic microsystems in the 
following applications: biosensing, mainly on the refractive-
index based label-free biosensing; plasmonic integrated lab-
on-chip for Point-of-Care (POC) systems; plasmonic for near-
field scanning optical microscopy, and plasmonics on-chip 
systems for cellular imaging. 
A. Nanostructured plasmonic label-free biosensors 
          The unique optical properties of plasmon resonant 
nanostructures make them ideal for label-free biosensing 
applications [89-92]. The basis of the plasmonic-based sensing 
mechanism is that the surface plasmonic resonance (SPR) is 
highly sensitive to the refractive index of the medium, and the 
biomolecules attached to the biosensor lead to a change in the 
dielectric environment (i.e. refractive index) at the surface, 
which eventually leads to a change in SPR resolved in angle, 
wavelength or light intensity. This mechanism makes 
plasmonic sensors a label-free biosensor, meaning that once 
the analyte is captured on the sensor surface, no additional 
tags are required for the detection of the binding events. Also, 
plasmonic sensors are robust for real-time monitoring of 
biomolecules interactions. Biosensors based on propagating 
SPR in metallic films are the most well-known and 
commercially available optical biosensors. Film-based SPR 
sensors have become the “gold standard” for characterizing 
biomolecule interactions. Excitation of the SPR in thin films is 
usually carried out in the so-called Kretschmann 
configuration, in which light is coupled into the gold film by a 
prism that facilitates total internal reflection. Fig. 26 presents 
the most common SPR sensing experiment process [91]. 
 
 
 
Fig. 26.  Film-based SPR sensor [91]. (a) The most commonly used 
Kretschmann configuration, S: Source, D: Detector. (b) The detection 
presenting as a change in SPR angle or wavelength. (c) A schematic showing 
target analyte binding by the receptor immobilized on the film surface. (d) A 
typical SPR monitoring curve and the kinetic parameters that can be 
calculated from the curve. 
 
First, a bioreceptor (antibody, aptamer, DNA, etc) is 
immobilized to the surface using either physisorption or 
covalent binding. Subsequently, a baseline response of the 
instrument is established. After a target analyte is introduced 
to the surface, change in SPR angle or wavelength can be 
monitored over time. The SPR response can be used to 
determine kinetic parameters of the binding interactions. 
However, film-based SPR sensors have several disadvantages. 
For example, a light coupling mechanism is required so that 
the momentum of incoming photons can match to the free 
surface electrons of the gold film and create a SPR. Also, a 
temperature and vibrations have to be controlled precisely to 
produce a stable SPR signal. These requirements make the 
SPR instrument bulky and difficult to incorporate into a 
compact and miniaturized sensing system that can be applied 
in a lab-on-chip setting. Plasmonic sensors based on localized 
SPR (LSPRs) have the potential to be used as small, portable 
and multiplexed sensing devices compared with film-based 
SPR sensors. LSPRs are based on metallic nanostructures that 
are significantly smaller than the wavelength of incident light, 
so that SPRs are only around the nanoscale objects and 
nanoparticles. The spectral signatures of LSPRs can be tuned 
by varying the shape, size and composition of the metallic 
nanostructures. This feature is advantageous for biological 
sensing, because the detection wavelengths can be tuned to 
avoid overlapping with the spectral features of some natural 
biological chromophores, such as hemoglobin in blood 
samples, so that the sensitivity can be improved [93]. 
In a notable example of biosensing for diagnostic application, 
an LSPR sensor has been employed to detect a biomarker for 
Alzheimer’s disease, amyloid-beta-derived diffusible ligand 
(ADDL), in both synthetic and human patient samples [94] 
(Fig. 27).   
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Fig. 27.  LSPR sensor for the detection of a biomarker for Alzheimer’s disease 
[90]. (a) AFM microscopy shows the image of the fabricated Ag nanoparticles 
on mica substrate using NSL [94]. (b) Surface chemistry for ADDL detection 
in human cerebrospinal fluid (CSF) using antibody sandwich assay. The steps 
include (1) surface immobilization of anti-ADDL, (2) the incubation of human 
CSF, and (3) the introduction of the second capping antibody. (c) LSPR 
spectra for each step in (b) for an age-matched control patient. (d) LSPR 
spectra for each step for an Alzheimer’s patient. 
 
In this work, triangular Ag nanotriangle arrays were fabricated 
on mica substrate by NSL. For the first time, LSPR 
technology was used to monitor a sandwich assay. First, the 
nanoparticle array was functionalized with antibodies specific 
for ADDLs; next, the surface was exposed to ADDLs for the 
binding event to occur; finally, a second capping antibody was 
introduced to bind to the surface and complete the sandwich 
assay. UV-vis spectroscopy was employed to monitor the 
extinction signal after each modification step and the binding 
event. Initial experiments showed that synthetic ADDL 
concentrations on the order of 100 fM could be detected. Fig. 
27c-d shows the detection using CSF from both an 
Alzheimer’s patient and an age-matched control. It shows that 
the LSPR shifts were significantly larger for the patient 
sample after the CSF exposure and the following adding of the 
second capping antibody. The sensitivity can be further 
enhanced if the molecular resonance of the analyte or the 
second antibody overlaps with the LSPR of the nanoparticles. 
By using an associated biomarker and antibody pair, 
plasmonic biosensing will be a promising technology for the 
diagnosis of any diseases.  
Recently, nanohole array-based plasmonic sensors have been 
shown as one of the most exciting platform for label-free, 
high-throughput and miniaturized sensing devices [95, 96]. 
Nanohole array plasmonic sensors is based on the effect of 
extraordinary optical transmission (EOT). EOT stems from 
SPR that is excited by the grating orders of the pore arrays, so 
that the amount of transmitted light at certain wavelengths is 
much larger than predicted by classical aperture theory. The 
spectra are sensitive to the size and shape of the pores and the 
dimensions of the array. Any changes in the local refractive 
index caused by target binding events will lead to changes in 
optical signatures. Nanohole arrays can work as a sensor either 
by monitoring the light intensity changes or the spectrum shift 
passing through the pores. 
There are several advantages of nanohole arrays that make 
them so promising for biosensing. First, the sensor can be 
measured using a simple collinear optical configuration, which 
makes the instrumentation simple and portable. Second, the 
sensor can be integrated into a small chip, so it can be used for 
miniatured and multiplexing detection system. In addition, it 
shows that by flowing analytes through system, the limit of 
detection can be improved significantly, as the flow-through 
configuration solves the mass-transport problem on the sensor 
surface [97, 98]. This is especially important for detection of 
extremely low concentration analytes. Fig. 28 shows a 
handheld nanohole array sensing device which has been used 
for high-throughput and imaging based sensing [99]. Fig. 28a 
is SEM images of the nanohole arrays in 6 sensor pixels of 
size 100 × 100 m. The diameter of the nanohole is 200 nm. 
Fig. 28b is a photo of the portable device, weighing 60 g and 
7.5 cm tall, which was designed for Point-of-Care (POC) 
applications. Fig. 28c shows the schematic of the on-chip 
imaging platform, which only contains a battery, an LED, a 
plasmonic chip and a CMOS imager chip. For biomedical 
applications, nanohole array plasmonic sensors have been 
recently applied for the detection and molecular profiling of 
tumor-derived exosomes, which is a potential circulating 
biomarker for “liquid biopsy” cancer diagnostics [100]. 
Nanohole array sensors were used to analyze exosomes from 
ascites samples from ovarian cancer patients, which can be 
differentiated from healthy controls. 
 
 
 
Fig. 28.  Nanohole array plasmonic sensor [99]. (a) SEM images of the 
nanohole arrays in 6 sensor pixels of size 100 × 100 m. The diameter of the 
nanohole is 200 nm. (b) A photo of the portable device, weighing 60 g and 7.5 
cm tall, designed for POC applications. (a) Schematic of the on-chip imaging 
biosensing platform contains a battery, an LED, a plasmonic chip and a 
CMOS imager chip. 
 
 
B. Microfluidics-enabled plasmonic chips for biosensing and 
imaging  
Microfluidics have been widely used in sample isolation, 
preparation, analysis and delivery [101-103]. The integration 
of plasmonic sensing and microfluidic technologies provides 
the opportunity to build label-free biosensors on a lab-on-chip 
(LOC) platform, which can be potentially used in the global 
health, primary care and POC applications. Combining 
microfluidics with plasmonics combines advantages from both 
of these fields. On one hand, light can be used to direct the 
motion of fluids in microfluidic chips. For instance, optical 
tweezers have been utilized to build valves and pumps to 
induce flow in microfluidic channels [104, 105]. On the other 
hand, fluids can be used to change optical parameters in 
plasmonics [106]. Current state-of-the-art plasmonic-based 
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biosensors have been developed for the applications using the 
platforms such as SPR, LSPR and SPR imaging. 
An example of an LSPR-based biosensor with fully integrated 
microfluidics is shown in Fig. 29 [107]. A periodic 
arrangement of gold nanorods was immobilized on a glass 
substrate by nanofabrication procedure. The sensor was then 
integrated with a PDMS-based microfluidic device controlled 
by micromechanical valves. The system provides parallel, 
real-time monitoring of 32 sensing sites across 8 independent 
microfluidics channels, which later enables the screening of a 
variety of biomarkers. The optical setup used to monitor the 
chip consisted of a homemade microscope in a bright-field 
transmission configuration, which was equipped with a 
scanning detection system, a visible−near-infrared light source 
and a spectrometer (Fig. 29c). The authors demonstrated the 
platform for cancer diagnostics through fast detection of 
cancer biomarkers human alpha-feto-protein and prostate 
specific antigen, down to concentrations of 500 pg/ml in a 
complex matrix consisting of 50% human serum. 
 
 
Fig. 29.  LSPR-based biosensor integrated with microfluidics [107]. (a) 
Schematic of the flow and control layers of the microfluidic chip. (b) A photo 
of the actual chip connected to tubes. The inset shows a SEM image of the 
plasmonic gold nanorod array. Scale bar 200 nm. (c) A photo of the optical 
setup for readout. 
 
SPR imaging is a high-throughput method which allows 
imaging-based detection. Based on SPR techniques, the 
binding event of analytes on the sensor leads to local 
refractive index changes, and this lead to a change in the 
spatial light intensity. Therefore, the captured images allow 
for both temporal and spatial monitoring of surface binding 
events in a label-free format. Microfluidic chip has been 
integrated with SPR imaging. For example, microfluidic chips 
with channels, valves, pumps, flow sensors and temperature 
controller was developed using MEMS technology. The 
system has been demonstrated in the detection of interaction 
between IgG and anti-IgG [108]. 
Recently a microfluidic chip has been developed for 
immunoassay-based SPR imaging [109]. Fig. 30a shows a 
schematic of the microfluidic device. The system contained 
two layers. The flow layer was comprised of a crossed-flow 
structure, which allows for the loading of two reagents at the 
same time and the occurrence of the immunoreaction. Another 
control layer contains microfluidic pumps for the control of 
liquid flow. The intersection of the flow layer was located on 
the top of an array of gold spots, which were used as SPR 
sensing substrate for multiplexed detection of 
immunoreactions. To demonstrate the performance of the 
chip, the binding of anti-biotin antibodies to surface-
immobilized biotinylated bovine serum albumin was 
monitored, with and without a signal amplification step. Real-
time immunoassay imaging allowed for monitoring of 
immunoreaction on each gold spot in ~10 min, and the system 
achieved a sub-nanomolar detection limit. Subsequently, a 
two-step immunoassay was performed for signal 
amplification, by delivering another anti-goat IgG antibody 
labelled with gold nanoparticle to the gold spots. This process 
improved the limit of detection down to ~40 pM, but the time 
increased to ~60 min. With the small dimensions of 2-3 cm 
and less than 100 pM detection performance, this SPR 
imaging system has the potential to be used in POC 
applications. 
 
 
Fig. 30.  A microfluidic SPRi platform [109]. (a) The schematic of the chip, 
where the immunoreaction takes place in the lower layer, and the upper layer 
controls the fluid flow by microfluidic pumps. (b) A photo of the microfluidic 
device with dye fluidics.  
 
C. Plasmonics for near-field scanning optical microscopy 
and sensing 
Optical microscopy is an important technique which can be 
used for imaging-based biosensing. An optical microscope has 
a lot of advantages, and becomes much more convenient if it 
can be used to see a sample in nanometer resolution. However, 
this goal is limited because of the diffraction of light, and the 
spatial resolution of a conventional optical microscope is 
about 0.5 m. However, plasmonic nanostructures make it 
possible to examine system with spatial resolution beyond the 
diffraction limit of light, using a nano-sized metallic probe tip 
to scan the sample surface. The mechanism is based on the 
excitation of localized modes of surface plasmon polaritons 
(SPP) at the metallic tip, which generates a nano-sized light 
spot as the light source of an optical microscope. Therefore, 
extremely high spatial resolution can be achieved. According 
to Abbe’s diffraction theory, the major roadblock in 
conventional optical systems, the wavelength of light () has 
to be reduced to obtain a higher resolution. The wavelength of 
light is inversely proportional to the angular frequency, , as 
c, in which c is the speed of light. Therefore, the speed 
of light can be reduced to shorten the wavelength of light. In 
conventional optical devices, this has been done by filling the 
space between the lens and sample with high-refractive-index 
materials such as immersion oil. However, when increasing 
the refractive index further, it is difficult to keep the medium 
transparent. SPPs can focus the optical energy of light 
independent of the wavelength. SPPs are a form of evanescent 
wave on the metal surface associated with the collective 
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oscillation of free electrons, which can be used for high-
resolution imaging. 
 NSOM is a technique that uses SPPs on a metal probe 
with dimensions much lower than the wavelength. In NSOM, 
resolution is defined by the aperture/tip size rather than the 
incident wavelength. NSOM converts the non-propagative 
near-field signal into a measurable far-field contribution, so 
that nanoscale resolution can be achieved with optical 
imaging. NSOM techniques can be classified into the 
“aperture” and “apertureless” categories. Aperture NSOM 
uses an optical fiber with a metalized nanoaperture; while 
apertureless NSOM uses a metallic tip as a nanoantenna to 
provide higher spatial resolution. Fig. 31 shows the schematics 
of the two NSOM techniques [110]. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 31.  Schematic of NSOM techniques using optical fiber probe (“with 
aperture”) or metallic tip (“apertureless”) [110]. 
 
For the study of plasmonic nanostructures, a variety of 
optical signals can be measured using NSOM, such as 
fluorescence, luminescence, second or third harmonic 
generation, etc. Fig. 32 shows an example of topography and 
experimental, background-free, near-field images of a rod, 
dish, and triangle antenna, which were excited close to their 
fundamental dipolar resonance at wavelength 9.6 m [111]. 
[111]. The optical images were obtained using interferometric 
detection, dielectric tips, higher harmonic demodulation, and 
residual background subtraction. Both amplitude and phase 
images can be acquired using these configurations. 
 
 
 
Fig. 32. Topography and experimental, background-free, near-field 
images of a rod, dish, and triangle antenna excited close to their fundamental 
dipolar resonance at =9.6 m wavelength [111]. 
 
We have carried out a series of work in creation novel light 
source and nanoprobes for NSOM [19, 112, 113]. The large-
scale applications of conventional NSOM are limited due to 
the manual assembly process of the probe with fiber and the 
requirement of an external light source. We presented a novel 
scanning “nanophotonic” microscope through monolithic 
integration of a nanoscale light-emitting diode (nano-LED) on 
a silicon cantilever. The nano-LED methods do not require 
external light source, and can reduce the size of light source to 
improve the resolution. Two types of nano-LEDs have been 
successfully developed using nanofabrication and MEMS 
technologies: 1) the fabrication of thin silicon dioxide light-
emitting layer between heavily doped p+ and n+ silicon layers, 
fabricated by a focused ion beam and 2) electrostatic trapping 
and excitation of CdSe/ZnS core-shell nanoparticles in a 
nanogap. These probes have been employed into a standard 
near-field scanning and excitation setup. The probe 
successfully measured both optical and topographic images of 
chromium patterns with imaging resolutions 400 and 50 nm, 
respectively (Fig. 33) [112].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 33. NSOM using QD LED [112]. (a) Schematics of a standard 
experimental setup. (b) Topographic and (c) optical images of the chromium 
pattern on a glass substrate.  
 
Compared to the topographic resolution of 50 nm, the 
relatively coarse optical resolution of 400 nm can be further 
improved through QD-plasmonic coupling and plasmonic 
enhancement [114]. With the capability from near UV to IR 
emission, plasmonic enhanced, mass-producible, and self-
illuminating nano-LED on-chip will open up many exciting 
opportunities in biomedical and industrial applications, 
including near-field microscopy of subcellular structures, 
direct material patterning, and compact “light-on-chip” 
biosensors and biochips. Plasmonic structures including 
plasmonic microplates [115], thin metal films [116], gold 
colloids [117], plasmonic wells [114], and plasmonic 
nanogratings [19] have been applied to enhance luminescence 
of QDs.   
NSOM probes have been used commonly in plasmonic 
enhancement for ultrahigh biosensitivity and single molecule 
detection [118, 119]. 
Two well-known techniques exploiting near-field 
plasmonic enhancement for ultrahigh sensitivity are “tip-
enhanced infrared spectroscopy” and “tip-enhanced Raman 
spectroscopy”. 
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Fig. 34. Numerical simulation of the tip-enhancement of the light intensity 
(I/I0) for a 2-nm-thick SAMs on gold. The mid-infrared light is incident at 75 
degrees to the surface normal. The AFM tip has the curvature radius of 25nm 
and half-cone angle of 17o, SEM of the actual geometry (inset). 
 
Tip-enhanced infrared (TEIR) spectroscopy combines infrared 
spectroscopy with an AFM tip to enhance and measure the 
local absorption of IR light with specimen. Obtained 
absorption spectra can be used to investigate chemical and 
biological samples. 
Belkin’s group in 2014 utilized the TEIR technique to 
identify the nanoscale mid-infrared spectra of self-assembled 
monolayers (SAMs) by measuring the molecular expansion 
forces [120]. First the sample was illuminated via an IR light 
source which excites vibrational states of molecules. As a 
result, volume expansion of sample happens due to collective 
oscillation of vibrational modes (thermal expansion).  This 
expansion leads to a slight cantilever deflection which can be 
detected using a position-sensitive photodetector. A gold 
coated AFM probe was exploited to enhance the vibration 
states via near-field plasmonic enhancement. Fig. 34 shows 
the utilized gold coated AFM tip used to enhance the IR 
absorption. 
In a notable and exciting example of near-field plasmonic 
enhancement for nanospectroscopy and biosensing, authors in 
[121] have demonstrated that scattering-based NSOM (s-
NSOM) is applicable to analyze and sense biological samples 
in aqueous media. Fig. 35 shows the set up used in their 
experiment. Two unique and exceptional properties of 
graphene, including the impermeability and IR plasmonic 
effect of graphene have been used to achieve live cell and 
virus sensing in aqueous solutions.    
 
Fig. 35. Setup used in the wet s-NSOM. (a) Schematic of the setup, (b) 
tip-sample interaction [121]. 
 
Chemical vapor deposition (CVD) prepared monolayer 
graphene functions as an impermeable layer which reflects the 
light and allows sensing of the underlying molecular materials 
in an aqueous environment. The second graphene layer on 
mica substrate is used for plasmonic enhancement of 
vibrational stats in biomolecules at the interface.  
In contrast to TEIR in which molecules absorb incident 
photons that are characteristic of their structure and match the 
vibrational frequency, in tip-enhanced Raman spectroscopy 
(TERS) molecules are firstly excited to a so-called virtual state 
and then relaxed back to the ground state, emitting photons 
with energies equal to the vibrational quantum [122]. 
Vibrational spectroscopy based on TERS can provide a 
valuable “fingerprint” of molecules by exploiting near-field 
surface plasmon enhancement at the tip apex. A 
comprehensive review on current advances in TERS can be 
found in [123, 124]. Here we briefly review recent works for 
biosensing applications. 
Some of the earliest biomolecules to be studied by TERS 
were nucleic acids [125]. In one of the pioneering works, 
Deckert’s group used TERS to provide a spectrum of the 
pyrimidine bases (thymine and cytosine) which then was used 
for DNA sequencing. In several reports, TERS has been 
utilized for amino acids sensing. As an example, authors in 
[126] presented the spectra of a short-immobilized peptide on 
a single transparent gold nanoplate where the gold plate 
provided a gap-mode plasmonic enhancement. 
One the most attractive TERS results was recently reported 
by the Dong research group [127]. Using plasmon-enhanced 
Raman, the group was able to realize sub-nanometer (below 
one nanometer) spatial resolution of porphyrin, resolving its 
inner structure and surface configuration.  The key to 
achieving such an ultrahigh-resolution was to enhance the 
vibrational modes of single molecules by pacing the them 
under an STM nanocavity plasmon and spectrally match the 
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resonance of the nanocavity plasmon to the molecular vibronic 
transitions. 
 
Fig. 36. Schematic of STM-TERS. Vb is the sample bias and It is the 
tunneling current. 
 
Besides the fervent and intellectual demonstration of sub-
nanometer single molecule sensitivity, this work opened up 
new fundamental questions about theoretical and physical 
principles of this phenomenon. 
Raschke group utilized adiabatic plasmon concentration 
and grating-coupling to concentrate optical energy to the apex 
of an NSOM probe to suppress background signal in TERS 
[128]. The plasmonic grating was fabricated via FIB on the tip 
shaft as shown in Fig. 37. The extension of TERS into near-
infrared was demonstrated due to adiabatic plasmon 
nanofocusing. 
 
 
 
Fig. 37. (a) Schematic of the setup used in the experiment. (b) SEM of the 
probe. Gold tips are electrochemically etched and are mounted onto a quart 
fork. Plasmonic nanograting is realized via FIB [128]. 
 
D. Plasmonics-enhanced LED chip for cellular imaging 
Various microscopy techniques have been developed to 
provide sensitive imaging for cell observation. Fluorescence 
microscopy is one of the highly sensitive detection techniques. 
Fluorescence imaging of cells generally requires a bright 
image with high contrast and space resolution for immediate 
cell diagnosis. Therefore, plasmonic structures can be applied 
to enhance the cellular imaging, either as a substrate or as a 
light source [129, 130]. Plasmonic substrates have been used 
for high-resolution cellular imaging as well as monitoring the 
interaction of cells with their extracellular matrix. In one 
example, a plasmonic dish composed of a grating substrate 
was integrally molded with a cultivation plastic dish, and was 
applied to enhance the fluorescence imaging of cells [129].  
 The results showed fluorescence images of human 
embryonic kidney (HEK) cells were above 10 times brighter 
than those obtained on a conventional glass-bottomed dish 
(Fig. 38). In addition, to demonstrate the biocompability of the 
substrate, neuronal cells were successfully culture on the 
plasmonic dish for 10 days. The brighter fluorescence images 
with higher contrast could be obtained by controlling the 
thickness and flatness of metal layers. In another example, a 
nanocone substrate on silicon coated with silver was used for 
surface-plasmon enhanced fluorescence detection and 3D cell 
imaging [130]. The plasmonic substrate supported several 
plasmonic modes that can be coupled to a fluorophore, which 
can be used to enhance the fluorescence signal from both cell 
membrane and cytoplasm. 3D fluorescence enhancement was 
also observed. The fluorescence intensity from the 
fluorophores bound on cell membrane was amplified more 
than 100-fold as compared to that on glass substrate. 
 
 
Fig. 38. (a, d) Bright-field images and (b, c, e, f) epifluorescence images of 
HEK cells observed on the glass slide (a-c) and plasmonic dishes (d-f). Scale 
bar 10 m. 
 
LEDs have been used as light source for cellular imaging in 
miniature systems. Since the wavelength depends on the 
energy bandgap structure, commercial LEDs are limited with 
the unavailability of narrow wavelength bands. Therefore, 
filters and other elements are required to obtain the demanded 
wavelength band for imaging, which increase the cost and size 
of the miniature system. Plasmonic quantum dot (QD) LEDs 
provides an excellent solution by combining the compact size 
of LEDs and the desirable wavelength of QDs. The unique 
characteristics of QDs, including tunable emission 
wavelength, narrow bandwidth and the capability of photo- 
and electrical-excitation, makes them ideal material as on-chip 
light source for cellular imaging. Bhave et al. integrated a 2D 
plasmonic nanogratings structure with QD LEDs as a compact 
light source for on-chip imaging of tumor cells [19]. 
Fig. 39a and 39b show the schematic of the light source 
structure and the set up used for cell imaging, respectively. 
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Fig. 39. (a) Schematic of the plasmonic nanogratings integrated with QD 
LED. (b) Schematic of setup used for cancer cell imaging using QD LEDs. (c) 
Cell imaging with electroluminescent QD LED sources. Inset shows the cell 
image with QD580 and QD600 sources; the plotting is the intensity profiles 
for grayscale-converted images from the pixels covered by the line in each of 
the images [19]. 
 
In this study, QDs were used as the emission layer, while 
the nanograting was employed to enhance the light intensity 
through the resonant reflection of surface plasmon waves. Fig. 
35a shows the schematic of the light source structure. The 
parameters of nanogratings, including periodicity, slit width 
and thickness of the metal and dielectric layers, were designed 
to tailor the frequency bandgap to matches the operation 
wavelength. There was an increase of 34.72% in 
electroluminescence intensity, and 32.63% in 
photoluminescence. Ex vivo transmission microscopy was 
performed to evaluate the nucleus-cytoplasm ratios of MDA-
MB 231 breast cancer cells using the QD LED light source, 
and the wavelength dependent imaging of different cell 
components was shown in Fig. 39c. 
 
In addition to the examples presented above, more emerging 
concepts, designs and applications of plasmonic microsystems 
have been demonstrated, ranging from plasmonic gas and 
chemical sensors [131, 132], microfilters for circulating tumor 
cells (CTC) capturing [133], Surface-enhanced Raman 
spectroscopy (SERS) [134-137], single-molecule 
dielectrophoretic trapping [138-140], DNA biosensing [141] 
among many others. Fascinating new concepts are explored in 
detail in the framework of this review, with the goal to devise 
new geometries on microsystem surfaces that may for 
example require no moving structures to tilt the radiated beam 
in the desired direction. We predict that the combination of 
design theory, modeling and experimental implementation 
may provide full degrees of freedom and enhanced 
performance for future plasmonic microsystem designs for 
specific applications. 
V. PERSPECTIVES 
There are synergies in advancement in plasmonic theory 
with microsystems design is emerging, where fascinating 
research has been carried out to perform imaging, sensing and 
light harvesting with unprecedented tempo-spatial resolution 
and throughput. We reviewed the selected applications 
concerned with plasmonic patterns on surfaces for biosensing 
applications. It illustrates the key points that this paradigm of 
plasmonic-on-chip enables low-profile conformal surfaces on 
microdevices, rather than a bulk material or coatings, which 
may provide clear advantages for the physical, chemical and 
biological-related sensing, imaging, light harvesting 
applications in addition to significantly easier realization, 
enhanced flexibility and tunability. 
It is likely that the current trend in plasmonic microsystems 
design and implementation will contribute to multifunctional 
tasks to be integrated on a single chip [142, 143]. As presented 
in our previous work, tunable beam manipulation and 
biosensing can be realized on a single device to link near-field 
sensing with far-field detection [50]. The plasmonic structure 
presented in [121] consists of gold bowtie nanoantenna arrays 
fabricated on SiO2 pillars which can be employed as a direct 
laser writing and plasmonic optical tweezers. It is worth 
noting that a combination of traditional MEMS with 
plasmonic sensing can be realized [144-149] 
VI. CONCLUSION 
In this article, we identified the emerging trend of synergizing 
plasmonic patterns on microstructures towards advanced 
sensing, imaging, and energy harvesting. We reviewed the 
theory, fabrication, and application of plasmonic 
microsystems and the recent progresses in the field for 
biosensing applications.  We believe that the optical plasmonic 
patterns on surface concept may constitute the much sought-
after flexible and reliable bridge between near-field sensing, 
imaging at the nanoscale and far-field detection.  In our vision, 
these concepts may be combined to realize a fascinating 
paradigm to manipulate light at will, with a clear impact on 
several key areas of interest for MEMS in addition to 
significantly easier realization, enhanced flexibility, and 
tunability.   
 
ACKNOWLEDGEMENT 
This work was partially supported by National Institute of Health 
(NIH Director’s Transformative Research Award, No. 
R01HL137157), National Science Foundation (NSF CAREER 
Award Grant No. 0846313) and DARPA Young Faculty Award 
(N66001-10-1-4049). We appreciate the helpful discussions with 
Professor Andrea Alu at the University of Texas at Austin, Professor 
Stephen D. Gedney at the University of Colorado Denver and 
Professor Kazunori Hoshino at University of Connecticut. The 
authors thank Amogha Tadimety for insightful editing of the paper.  
 
 
 
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
20 
REFERENCES 
[1] L. Novotny and B. Hecht, Principles of nano-optics: Cambridge 
Univ Pr, 2006. 
[2] A. Alù and N. Engheta, "Theory of linear chains of 
metamaterial/plasmonic particles as subdiffraction optical 
nanotransmission lines," Physical Review B, vol. 74, p. 205436, 
2006. 
[3] A. Alù and N. Engheta, "Optical nanotransmission lines: synthesis 
of planar left-handed metamaterials in the infrared and visible 
regimes," Journal of the Optical Society of America B, vol. 23, pp. 
571-583, 2006. 
[4] V. Shalaev, "Optical negative-index metamaterials," Nature 
Photonics, vol. 1, pp. 41-48, 2007. 
[5] J. Valentine, S. Zhang, T. Zentgraf, E. Ulin-Avila, D. Genov, G. 
Bartal, et al., "Three-dimensional optical metamaterial with a 
negative refractive index," Nature, vol. 455, pp. 376-379, 2008. 
[6] Chorsi, H. T., and S. D. Gedney, "Tunable Plasmonic 
Optoelectronic Devices Based on Graphene Metasurfaces," IEEE 
Photonics Technology Letters, vol. 29, pp. 228-230, 2017. 
[7] B. E. Yoxall, R. Walmsley, H. P. Kuo, S. Y. Wang, M. Tan, and D. 
A. Horsley, "Two-Axis MEMS Lens Alignment System for Free-
Space Optical Interconnect," IEEE Journal of Selected Topics in 
Quantum Electronics, vol. 17, pp. 559-565, 2011. 
[8] K. Yu, D. Lee, N. Park, and O. Solgaard, "Tunable Optical 
Bandpass Filter With Variable-Aperture MEMS Reflector," 
Journal of Lightwave Technology, vol. 24, pp. 5095-5102, 2006. 
[9] M. Taghizadeh and H. Mobki, "Bifurcation analysis of torsional 
micromirror actuated by electrostatic forces," Archives of 
Mechanics, vol. 66, pp. 95-111, 2014. 
[10] Chorsi, H.T. M. Chorsi, and S. Gedney, "A Conceptual Study of 
Microelectromechanical Disk Resonators," IEEE Journal on 
Multiscale and Multiphysics Computational Techniques, vol. PP, 
pp. 1-1, 2017. 
[11] J. Zenneck, "Über die Fortpflanzung ebener elektromagnetischer 
Wellen längs einer ebenen Leiterfläche und ihre Beziehung zur 
drahtlosen Telegraphie," Annalen der Physik, vol. 328, pp. 846-
866, 1907. 
[12] G. Goubau, "Surface Waves and Their Application to 
Transmission Lines," Journal of Applied Physics, vol. 21, pp. 
1119-1128, 1950. 
[13] X. Guo, "Surface plasmon resonance based biosensor technique: A 
review," Journal of Biophotonics, vol. 5, pp. 483-501, 2012. 
[14] Chorsi, H. T., and S. D. Gedney, "Efficient high-order analysis of 
bowtie nanoantennas using the locally corrected Nystrom method," 
Optics Express, vol. 23, pp. 31452-31459, 2015. 
[15] A. Pannipitiya, I. D. Rukhlenko, M. Premaratne, H. T. Hattori, and 
G. P. Agrawal, "Improved transmission model for metal-dielectric-
metal plasmonic waveguides with stub structure," Optics Express, 
vol. 18, pp. 6191-6204, 2010. 
[16] J. A. Dionne, L. A. Sweatlock, H. A. Atwater, and A. Polman, 
"Plasmon slot waveguides: Towards chip-scale propagation with 
subwavelength-scale localization," Physical Review B, vol. 73, p. 
035407, 2006. 
[17] X. Li, J. Song, and J. X. J. Zhang, "Design of terahertz metal-
dielectric-metal waveguide with microfluidic sensing stub," Optics 
Communications, vol. 361, pp. 130-137, 2016. 
[18] A. Pannipitiya, I. D. Rukhlenko, and M. Premaratne, "Analytical 
Modeling of Resonant Cavities for Plasmonic-Slot-Waveguide 
Junctions," IEEE Photonics Journal, vol. 3, pp. 220-233, 2011. 
[19] G. Bhave, Y. Lee, P. Chen, and J.X.J. Zhang, "Plasmonic 
nanograting enhanced quantum dots excitation for cellular imaging 
on-chip," Nanotechnology, vol. 26, p. 365301, 2015. 
[20] L. Wang, Y. Wang, and X. Zhang, "Integrated Grating-Nanoslot 
Probe Tip for Near-Field Subwavelength Light Confinement and 
Fluorescent Sensing," IEEE Journal of Selected Topics in 
Quantum Electronics, vol. 20, pp. 184-194, 2014. 
[21] E. Betzig, A. Lewis, A. Harootunian, M. Isaacson, and E. 
Kratschmer, "Near Field Scanning Optical Microscopy (NSOM): 
Development and Biophysical Applications," Biophysical Journal, 
vol. 49, pp. 269-279, 1986. 
[22] Chorsi, H. T., and J. X. J. Zhang, "Apertureless Near-Field 
Scanning Probes Based on Graphene Plasmonics," IEEE Photonics 
Journal, vol. 9, pp. 1-7, 2017. 
[23] Y. Lee, A. Alu, and J. X. J. Zhang, "Efficient apertureless scanning 
probes using patterned plasmonic surfaces," Optics Express, vol. 
19, pp. 25990-25999, 2011. 
[24] F. Hopkinson and D. Rittenhouse, "An Optical Problem, Proposed 
by Mr. Hopkinson, and Solved by Mr. Rittenhouse," Transactions 
of the American Philosophical Society, vol. 2, pp. 201-206, 1786. 
[25] M. Maisonneuve, O. d’Allivy Kelly, A. P. Blanchard-Dionne, S. 
Patskovsky, and M. Meunier, "Phase sensitive sensor on plasmonic 
nanograting structures," Optics Express, vol. 19, pp. 26318-26324, 
2011. 
[26] Y. Lee, K. Hoshino, A. Alù, and X. Zhang, "Efficient directional 
beaming from small apertures using surface-plasmon diffraction 
gratings," Applied Physics Letters, vol. 101, p. 041102, 2012. 
[27] S. D. Gedney and J. C. Young, "The Locally Corrected Nyström 
Method for Electromagnetics," in Computational 
Electromagnetics: Recent Advances and Engineering Applications, 
R. Mittra, Ed., ed New York, NY: Springer New York, pp. 149-
198, 2014. 
[28] C. Roman, T. Helbling, and C. Hierold, "Springer Handbook of 
Nanotechnology ed B Bhushan," ed: Berlin: Springer, 2010. 
[29] M. R. Jones, K. D. Osberg, R. J. Macfarlane, M. R. Langille, and 
C. A. Mirkin, "Templated Techniques for the Synthesis and 
Assembly of Plasmonic Nanostructures," Chemical Reviews, vol. 
111, pp. 3736-3827, 2011. 
[30] M. Stepanova and S. Dew, Nanofabrication: techniques and 
principles: Springer Science & Business Media, 2011. 
[31] A. A. Tseng, Nanofabrication: fundamentals and applications: 
World Scientific, 2008. 
[32] G. F. Cardinale, C. C. Henderson, J. E. M. Goldsmith, P. J. S. 
Mangat, J. Cobb, and S. D. Hector, "Demonstration of pattern 
transfer into sub-100 nm polysilicon line/space features patterned 
with extreme ultraviolet lithography," Journal of Vacuum Science 
& Technology B, vol. 17, pp. 2970-2974, 1999. 
[33] G. F. Cardinale, "Pattern transfer of sub-100-nm features in 
polysilicon using a single-layer photoresist and extreme ultraviolet 
lithography," pp. 413-422, 2000. 
[34] G. Simon, A. M. Haghiri-Gosnet, J. Bourneix, D. Decanini, Y. 
Chen, F. Rousseaux, et al., "Sub-20 nm x-ray nanolithography 
using conventional mask technologies on monochromatized 
synchrotron radiation," Journal of Vacuum Science & Technology 
B, vol. 15, pp. 2489-2494, 1997. 
[35] C. Cuisin, A. Chelnokov, J.-M. Lourtioz, D. Decanini, and Y. 
Chen, "Fabrication of three-dimensional photonic structures with 
submicrometer resolution by x-ray lithography," Journal of 
Vacuum Science & Technology B, vol. 18, pp. 3505-3509, 2000. 
[36] E. Toyota, T. Hori, M. Khan, and F. Cerrina, "Technique for 25 
nm x-ray nanolithography," Journal of Vacuum Science & 
Technology B, vol. 19, pp. 2428-2433, 2001. 
[37] S. Bollanti, P. D. Lazzaro, F. Flora, L. Mezi, D. Murra, and A. 
Torre, "First results of high-resolution patterning by the ENEA 
laboratory-scale extreme ultraviolet projection lithography 
system," EPL (Europhysics Letters), vol. 84, p. 58003, 2008. 
[38] A. Bartnik, H. Fiedorowicz, R. Jarocki, L. Pina, M. Szczurek, and 
P. Wachulak, "Short wavelength laboratory sources: Principles and 
practices," ed: Royal Society of Chemistry, London, 2015. 
[39] P. D. Ashby, D. L. Olynick, D. F. Ogletree, and P. P. Naulleau, 
"Resist Materials for Extreme Ultraviolet Lithography: Toward 
Low-Cost Single-Digit-Nanometer Patterning," Advanced 
Materials, vol. 27, pp. 5813-5819, 2015. 
[40] T. J. Yen, W. J. Padilla, N. Fang, D. C. Vier, D. R. Smith, J. B. 
Pendry, et al., "Terahertz Magnetic Response from Artificial 
Materials," Science, vol. 303, pp. 1494-1496, 2004. 
[41] T. Siegfried, Y. Ekinci, H. H. Solak, O. J. F. Martin, and H. Sigg, 
"Fabrication of sub-10 nm gap arrays over large areas for 
plasmonic sensors," Applied Physics Letters, vol. 99, p. 263302, 
2011. 
[42] A. A. Tseng, C. Kuan, C. D. Chen, and K. J. Ma, "Electron beam 
lithography in nanoscale fabrication: recent development," IEEE 
Transactions on Electronics Packaging Manufacturing, vol. 26, 
pp. 141-149, 2003. 
[43] Y. Gao, Z. Xin, B. Zeng, Q. Gan, X. Cheng, and F. J. Bartoli, 
"Plasmonic interferometric sensor arrays for high-performance 
label-free biomolecular detection," Lab on a Chip, vol. 13, pp. 
4755-4764, 2013. 
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
21 
[44] W. Huang, W. Qian, P. K. Jain, and M. A. El-Sayed, "The Effect 
of Plasmon Field on the Coherent Lattice Phonon Oscillation in 
Electron-Beam Fabricated Gold Nanoparticle Pairs," Nano Letters, 
vol. 7, pp. 3227-3234, 2007. 
[45] N. Liu, H. Liu, S. Zhu, and H. Giessen, "Stereometamaterials," Nat 
Photon, vol. 3, pp. 157-162, 2009. 
[46] Y. Wang, K. S. Kiang, M. Abb, O. L. Muskens, and C. H. de 
Groot, "Electron beam lithography tri-layer lift-off to create 
ultracompact metal/metal oxide 2D patterns on CaF2 substrate for 
surface-enhanced infrared spectroscopy," Microelectronic 
Engineering, vol. 141, pp. 87-91, 2015. 
[47] V. R. Manfrinato, L. Zhang, D. Su, H. Duan, R. G. Hobbs, E. A. 
Stach, et al., "Resolution Limits of Electron-Beam Lithography 
toward the Atomic Scale," Nano Letters, vol. 13, pp. 1555-1558, 
2013. 
[48] W. F. van Dorp, B. van Someren, C. W. Hagen, P. Kruit, and P. A. 
Crozier, "Approaching the Resolution Limit of Nanometer-Scale 
Electron Beam-Induced Deposition," Nano Letters, vol. 5, pp. 
1303-1307, 2005. 
[49] K. Chen, R. Adato, and H. Altug, "Dual-Band Perfect Absorber for 
Multispectral Plasmon-Enhanced Infrared Spectroscopy," ACS 
Nano, vol. 6, pp. 7998-8006, 2012. 
[50] Y. Lee, K. Hoshino, A. Alù, and X. Zhang, "Tunable directive 
radiation of surface-plasmon diffraction gratings," Optics Express, 
vol. 21, pp. 2748-2756, 2013. 
[51] T. H. Taminiau, R. J. Moerland, F. B. Segerink, L. Kuipers, and N. 
F. van Hulst, "λ/4 Resonance of an Optical Monopole Antenna 
Probed by Single Molecule Fluorescence," Nano Letters, vol. 7, 
pp. 28-33, 2007. 
[52] J. A. Veerman, A. M. Otter, L. Kuipers, and N. F. van Hulst, "High 
definition aperture probes for near-field optical microscopy 
fabricated by focused ion beam milling," Applied Physics Letters, 
vol. 72, pp. 3115-3117, 1998. 
[53] P. Nagpal, N. C. Lindquist, S.-H. Oh, and D. J. Norris, 
"Ultrasmooth Patterned Metals for Plasmonics and Metamaterials," 
Science, vol. 325, pp. 594-597, 2009. 
[54] V. Bouchiat, "Lithography Techniques Using Scanning Probe 
Microscopy," in Nano-Lithography, ed: John Wiley & Sons, Inc., 
pp. 169-206. 2013. 
[55] G. Binnig, H. Rohrer, C. Gerber, and E. Weibel, "Surface Studies 
by Scanning Tunneling Microscopy," Physical Review Letters, vol. 
49, pp. 57-61, 1982. 
[56] P. Cubillas and M. W. Anderson, "Atomic Force Microscopy," in 
Multi Length-Scale Characterisation, ed: John Wiley & Sons, Ltd, 
pp. 121-193, 2014. 
[57] E. A. Ash and G. Nicholls, "Super-resolution Aperture Scanning 
Microscope," Nature, vol. 237, pp. 510-512, 1972. 
[58] V. F. Dryakhlushin, A. Y. Klimov, V. V. Rogov, and N. V. 
Vostokov, "Near-field optical lithography method for fabrication 
of the nanodimensional objects," Applied Surface Science, vol. 
248, pp. 200-203, 2005. 
[59] F. Pan, X. Chen, I. Kubicova, J. Skriniarova, D. Pudis, L. Suslik, et 
al., "The 18th International Vacuum Congress (IVC-18)Non-
Contact NSOM Lithography for 2D Photonic Structure 
Fabrication," Physics Procedia, vol. 32, pp. 113-116, 2012. 
[60] I. Kubicová, D. Pudiš, L. Šušlik, J. Škriniarová, S. Slabeyciusová, 
and I. Martinček, "Structures patterning by non-contact NSOM 
lithography," pp. 774616-774616-6, 2010. 
[61] Y. Wang, W. Srituravanich, C. Sun, and X. Zhang, "Plasmonic 
Nearfield Scanning Probe with High Transmission," Nano Letters, 
vol. 8, pp. 3041-3045, 2008. 
[62] R. D. Piner, J. Zhu, F. Xu, S. Hong, and C. A. Mirkin, ""Dip-Pen" 
Nanolithography," Science, vol. 283, pp. 661-663, 1999. 
[63] D. S. Ginger, H. Zhang, and C. A. Mirkin, "The Evolution of Dip-
Pen Nanolithography," Angewandte Chemie International Edition, 
vol. 43, pp. 30-45, 2004. 
[64] C. M. S. Torres, Alternative lithography: unleashing the potentials 
of nanotechnology: Springer Science & Business Media, 2012. 
[65] A. Barik, L. M. Otto, D. Yoo, J. Jose, T. W. Johnson, and S.-H. 
Oh, "Dielectrophoresis-Enhanced Plasmonic Sensing with Gold 
Nanohole Arrays," Nano Letters, vol. 14, pp. 2006-2012, 2014. 
[66] S. Y. Chou, P. R. Krauss, and P. J. Renstrom, "Imprint of sub‐25 
nm vias and trenches in polymers," Applied Physics Letters, vol. 
67, pp. 3114-3116, 1995. 
[67] B. Heidari, I. Maximov, and L. Montelius, "Nanoimprint 
lithography at the 6 in. wafer scale," Journal of Vacuum Science & 
Technology B, vol. 18, pp. 3557-3560, 2000. 
[68] K. Pfeiffer, M. Fink, G. Bleidiessel, G. Gruetzner, H. Schulz, H. C. 
Scheer, et al., "Novel linear and crosslinking polymers for 
nanoimprinting with high etch resistance," Microelectronic 
Engineering, vol. 53, pp. 411-414, 2000. 
[69] J. S. Graham, I. K. Saima, Z. K. Ali, M. D. L. R. Richard, and P. J. 
Nigel, "Negative index fishnet with nanopillars formed by direct 
nano-imprint lithography," Materials Research Express, vol. 1, p. 
045802, 2014. 
[70] J. L. Skinner, L. L. Hunter, A. A. Talin, J. Provine, and D. A. 
Horsley, "Large-Area Subwavelength Aperture Arrays Fabricated 
Using Nanoimprint Lithography," IEEE Transactions on 
Nanotechnology, vol. 7, pp. 527-531, 2008. 
[71] J. M. Kontio, J. Simonen, J. Tommila, and M. Pessa, "Arrays of 
metallic nanocones fabricated by UV-nanoimprint lithography," 
Microelectronic Engineering, vol. 87, pp. 1711-1715, 2010. 
[72] C. L. C. Smith, B. Desiatov, I. Goykmann, I. Fernandez-Cuesta, U. 
Levy, and A. Kristensen, "Plasmonic V-groove waveguides with 
Bragg grating filters via nanoimprint lithography," Optics Express, 
vol. 20, pp. 5696-5706, 2012. 
[73] I. Fernandez-Cuesta, R. B. Nielsen, A. Boltasseva, X. Borrisé, F. 
Pérez-Murano, and A. Kristensen, "V-groove plasmonic 
waveguides fabricated by nanoimprint lithography," Journal of 
Vacuum Science & Technology B, vol. 25, pp. 2649-2653, 2007. 
[74] A. Kumar and G. M. Whitesides, "Features of gold having 
micrometer to centimeter dimensions can be formed through a 
combination of stamping with an elastomeric stamp and an 
alkanethiol ‘‘ink’’ followed by chemical etching," Applied Physics 
Letters, vol. 63, pp. 2002-2004, 1993. 
[75] T. W. Odom, J. C. Love, D. B. Wolfe, K. E. Paul, and G. M. 
Whitesides, "Improved Pattern Transfer in Soft Lithography Using 
Composite Stamps," Langmuir, vol. 18, pp. 5314-5320, 2002. 
[76] J. Henzie, M. H. Lee, and T. W. Odom, "Multiscale patterning of 
plasmonic metamaterials," Nat Nano, vol. 2, pp. 549-554, 2007. 
[77] W. N. Willie, H. Chi-Shain, and A. Yariv, "Holographic 
interference lithography for integrated optics," IEEE Transactions 
on Electron Devices, vol. 25, pp. 1193-1200, 1978. 
[78] J. P. Spallas, A. M. Hawryluk, and D. R. Kania, "Field emitter 
array mask patterning using laser interference lithography," 
Journal of Vacuum Science & Technology B, vol. 13, pp. 1973-
1978, 1995. 
[79] H. Gao, J. Henzie, M. H. Lee, and T. W. Odom, "Screening 
plasmonic materials using pyramidal gratings," Proceedings of the 
National Academy of Sciences, vol. 105, pp. 20146-20151, 2008. 
[80] J. C. Hulteen and R. P. Van Duyne, "Nanosphere lithography: A 
materials general fabrication process for periodic particle array 
surfaces," Journal of Vacuum Science & Technology A, vol. 13, pp. 
1553-1558, 1995. 
[81] H. Im, K. C. Bantz, S. H. Lee, T. W. Johnson, C. L. Haynes, and 
S.-H. Oh, "Self-Assembled Plasmonic Nanoring Cavity Arrays for 
SERS and LSPR Biosensing," Advanced Materials, vol. 25, pp. 
2678-2685, 2013. 
[82] B. J. Y. Tan, C. H. Sow, T. S. Koh, K. C. Chin, A. T. S. Wee, and 
C. K. Ong, "Fabrication of Size-Tunable Gold Nanoparticles Array 
with Nanosphere Lithography, Reactive Ion Etching, and Thermal 
Annealing," The Journal of Physical Chemistry B, vol. 109, pp. 
11100-11109, 2005. 
[83] B. Ai, Y. Yu, H. Möhwald, G. Zhang, and B. Yang, "Plasmonic 
films based on colloidal lithography," Advances in Colloid and 
Interface Science, vol. 206, pp. 5-16, 2014. 
[84] M. Kahraman, P. Daggumati, O. Kurtulus, E. Seker, and S. 
Wachsmann-Hogiu, "Fabrication and Characterization of Flexible 
and Tunable Plasmonic Nanostructures," Scientific Reports, vol. 3, 
p. 3396, 2013. 
[85] T. R. Jensen, M. D. Malinsky, C. L. Haynes, and R. P. Van Duyne, 
"Nanosphere Lithography:  Tunable Localized Surface Plasmon 
Resonance Spectra of Silver Nanoparticles," The Journal of 
Physical Chemistry B, vol. 104, pp. 10549-10556, 2000. 
[86] P. Zheng, S. K. Cushing, S. Suri, and N. Wu, "Tailoring plasmonic 
properties of gold nanohole arrays for surface-enhanced Raman 
scattering," Physical Chemistry Chemical Physics, vol. 17, pp. 
21211-21219, 2015. 
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
22 
[87] G. Jia, J. Westphalen, J. Drexler, J. Plentz, J. Dellith, A. Dellith, et 
al., "Ordered silicon nanowire arrays prepared by an improved 
nanospheres self-assembly in combination with Ag-assisted wet 
chemical etching," Photonics and Nanostructures - Fundamentals 
and Applications, vol. 19, pp. 64-70, 2016. 
[88] A. Horrer, C. Schäfer, K. Broch, D. A. Gollmer, J. Rogalski, J. 
Fulmes, et al., "Parallel Fabrication of Plasmonic Nanocone 
Sensing Arrays," Small, vol. 9, pp. 3987-3992, 2013. 
[89] K. M. Mayer and J. H. Hafner, "Localized Surface Plasmon 
Resonance Sensors," Chemical Reviews, vol. 111, pp. 3828-3857, 
2011. 
[90] K. A. Willets and R. P. Van Duyne, "Localized Surface Plasmon 
Resonance Spectroscopy and Sensing," Annual Review of Physical 
Chemistry, vol. 58, pp. 267-297, 2007. 
[91] R. T. Hill, "Plasmonic biosensors," Wiley Interdisciplinary 
Reviews: Nanomedicine and Nanobiotechnology, vol. 7, pp. 152-
168, 2015. 
[92] X. Zeng, Y. Gao, D. Ji, N. Zhang, H. Song, Q. Gan, et al., "On-
chip Plasmonic Interferometer Array for Portable Multiplexed 
Biosensing System," in CLEO: 2014, San Jose, California, p. 
FM3K.3, 2014. 
[93] R. Adato, A. A. Yanik, J. J. Amsden, D. L. Kaplan, F. G. 
Omenetto, M. K. Hong, et al., "Ultra-sensitive vibrational 
spectroscopy of protein monolayers with plasmonic nanoantenna 
arrays," Proceedings of the National Academy of Sciences, vol. 
106, pp. 19227-19232, 2009. 
[94] A. J. Haes, L. Chang, W. L. Klein, and R. P. Van Duyne, 
"Detection of a Biomarker for Alzheimer's Disease from Synthetic 
and Clinical Samples Using a Nanoscale Optical Biosensor," 
Journal of the American Chemical Society, vol. 127, pp. 2264-
2271, 2005. 
[95] R. Gordon, D. Sinton, K. L. Kavanagh, and A. G. Brolo, "A New 
Generation of Sensors Based on Extraordinary Optical 
Transmission," Accounts of Chemical Research, vol. 41, pp. 1049-
1057, 2008. 
[96] C. Escobedo, "On-chip nanohole array based sensing: a review," 
Lab on a Chip, vol. 13, pp. 2445-2463, 2013. 
[97] F. Eftekhari, C. Escobedo, J. Ferreira, X. Duan, E. M. Girotto, A. 
G. Brolo, et al., "Nanoholes As Nanochannels: Flow-through 
Plasmonic Sensing," Analytical Chemistry, vol. 81, pp. 4308-4311, 
2009. 
[98] C. Escobedo, A. G. Brolo, R. Gordon, and D. Sinton, "Optofluidic 
Concentration: Plasmonic Nanostructure as Concentrator and 
Sensor," Nano Letters, vol. 12, pp. 1592-1596, 2012. 
[99] A. E. Cetin, A. F. Coskun, B. C. Galarreta, M. Huang, D. Herman, 
A. Ozcan, et al., "Handheld high-throughput plasmonic biosensor 
using computational on-chip imaging," Light Sci Appl, vol. 3, p. 
e122, 2014. 
[100] H. Im, H. Shao, Y. I. Park, V. M. Peterson, C. M. Castro, R. 
Weissleder, et al., "Label-free detection and molecular profiling of 
exosomes with a nano-plasmonic sensor," Nature biotechnology, 
vol. 32, pp. 490-495, 2014. 
[101] L. Gervais, N. de Rooij, and E. Delamarche, "Microfluidic Chips 
for Point-of-Care Immunodiagnostics," Advanced Materials, vol. 
23, pp. H151-H176, 2011. 
[102] G. M. Whitesides, "The origins and the future of microfluidics," 
Nature, vol. 442, pp. 368-373, 2006. 
[103] E. K. Sackmann, A. L. Fulton, and D. J. Beebe, "The present and 
future role of microfluidics in biomedical research," Nature, vol. 
507, pp. 181-189, 2014. 
[104] A. Terray, J. Oakey, and D. W. M. Marr, "Microfluidic Control 
Using Colloidal Devices," Science, vol. 296, pp. 1841-1844, 2002. 
[105] J. Leach, H. Mushfique, R. di Leonardo, M. Padgett, and J. 
Cooper, "An optically driven pump for microfluidics," Lab on a 
Chip, vol. 6, pp. 735-739, 2006. 
[106] X. Fan and I. M. White, "Optofluidic microsystems for chemical 
and biological analysis," Nat Photon, vol. 5, pp. 591-597, 2011. 
[107] S. S. Aćimović, M. A. Ortega, V. Sanz, J. Berthelot, J. L. Garcia-
Cordero, J. Renger, et al., "LSPR Chip for Parallel, Rapid, and 
Sensitive Detection of Cancer Markers in Serum," Nano Letters, 
vol. 14, pp. 2636-2641, 2014. 
[108] K.-H. Lee, Y.-D. Su, S.-J. Chen, F.-G. Tseng, and G.-B. Lee, 
"Microfluidic systems integrated with two-dimensional surface 
plasmon resonance phase imaging systems for microarray 
immunoassay," Biosensors and Bioelectronics, vol. 23, pp. 466-
472, 2007. 
[109] Y. Luo, F. Yu, and R. N. Zare, "Microfluidic device for 
immunoassays based on surface plasmon resonance imaging," Lab 
on a Chip, vol. 8, pp. 694-700, 2008. 
[110] A. Merlen and F. Lagugné-Labarthet, "Imaging the Optical near 
Field in Plasmonic Nanostructures," Applied Spectroscopy, vol. 68, 
pp. 1307-1326, 2014. 
[111] M. Schnell, A. Garcia-Etxarri, A. J. Huber, K. B. Crozier, A. 
Borisov, J. Aizpurua, et al., "Amplitude- and Phase-Resolved 
Near-Field Mapping of Infrared Antenna Modes by Transmission-
Mode Scattering-Type Near-Field Microscopy," The Journal of 
Physical Chemistry C, vol. 114, pp. 7341-7345, 2010. 
[112] K. Hoshino, A. Gopal, and X. Zhang, "Near-Field Scanning 
Nanophotonic Microscopy&#x2014;Breaking the Diffraction 
Limit Using Integrated Nano Light-Emitting Probe Tip," IEEE 
Journal of Selected Topics in Quantum Electronics, vol. 15, pp. 
1393-1399, 2009. 
[113] K. Hoshino, A. Gopal, M. S. Glaz, D. A. Vanden Bout, and X. 
Zhang, "Nanoscale fluorescence imaging with quantum dot near-
field electroluminescence," Applied Physics Letters, vol. 101, p. 
043118, 2012. 
[114] B. Demory, T. A. Hill, C.-H. Teng, L. Zhang, H. Deng, and P.-C. 
Ku, "Plasmonic Enhancement of Single Photon Emission from a 
Site-Controlled Quantum Dot," ACS Photonics, vol. 2, pp. 1065-
1070, 2015. 
[115] M. Song, B. Wu, G. Chen, Y. Liu, X. Ci, E. Wu, et al., 
"Photoluminescence Plasmonic Enhancement of Single Quantum 
Dots Coupled to Gold Microplates," The Journal of Physical 
Chemistry C, vol. 118, pp. 8514-8520, 2014. 
[116] X. Wu, Y. Sun, and M. Pelton, "Recombination rates for single 
colloidal quantum dots near a smooth metal film," Physical 
Chemistry Chemical Physics, vol. 11, pp. 5867-5870, 2009. 
[117] O. Kulakovich, N. Strekal, A. Yaroshevich, S. Maskevich, S. 
Gaponenko, I. Nabiev, et al., "Enhanced Luminescence of CdSe 
Quantum Dots on Gold Colloids," Nano Letters, vol. 2, pp. 1449-
1452, 2002. 
[118] M. Koopman, A. Cambi, B. I. de Bakker, B. Joosten, C. G. Figdor, 
N. F. van Hulst, et al., "Near-field scanning optical microscopy in 
liquid for high resolution single molecule detection on dendritic 
cells," FEBS Letters, vol. 573, pp. 6-10, 2004. 
[119] F. de Lange, A. Cambi, R. Huijbens, B. de Bakker, W. Rensen, M. 
Garcia-Parajo, et al., "Cell biology beyond the diffraction limit: 
near-field scanning optical microscopy," Journal of Cell Science, 
vol. 114, p. 4153, 2001. 
[120] F. Lu, M. Jin, and M. A. Belkin, "Tip-enhanced infrared 
nanospectroscopy via molecular expansion force detection," Nat 
Photon, vol. 8, pp. 307-312, 2014. 
[121] O. Khatib, J. D. Wood, A. S. McLeod, M. D. Goldflam, M. 
Wagner, G. L. Damhorst, et al., "Graphene-Based Platform for 
Infrared Near-Field Nanospectroscopy of Water and Biological 
Materials in an Aqueous Environment," ACS Nano, vol. 9, pp. 
7968-7975, 2015. 
[122] Z. Zhu, L. Zhan, C. Hou, and Z. Wang, "Nanostructured Metal-
Enhanced Raman Spectroscopy for DNA Base Detection," IEEE 
Photonics Journal, vol. 4, pp. 1333-1339, 2012. 
[123] D. Kurouski, "Advances of tip-enhanced Raman spectroscopy 
(TERS) in electrochemistry, biochemistry, and surface science," 
Vibrational Spectroscopy. 
[124] E. Bailo and V. Deckert, "Tip-enhanced Raman scattering," 
Chemical Society Reviews, vol. 37, pp. 921-930, 2008. 
[125] A. Rasmussen and V. Deckert, "Surface- and tip-enhanced Raman 
scattering of DNA components," Journal of Raman Spectroscopy, 
vol. 37, pp. 311-317, 2006. 
[126] T. Deckert-Gaudig, E. Bailo, and V. Deckert, "Tip-enhanced 
Raman scattering (TERS) of oxidised glutathione on an ultraflat 
gold nanoplate," Physical Chemistry Chemical Physics, vol. 11, 
pp. 7360-7362, 2009. 
[127] R. Zhang, Y. Zhang, Z. C. Dong, S. Jiang, C. Zhang, L. G. Chen, 
et al., "Chemical mapping of a single molecule by plasmon-
enhanced Raman scattering," Nature, vol. 498, pp. 82-86, 2013. 
[128] S. Berweger, J. M. Atkin, R. L. Olmon, and M. B. Raschke, 
"Adiabatic Tip-Plasmon Focusing for Nano-Raman Spectroscopy," 
The Journal of Physical Chemistry Letters, vol. 1, pp. 3427-3432, 
2010. 
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
23 
[129] T. Keiko, S. Chisato, F. Tsuyoshi, K. Kazuyuki, H. Chie, N. Junji, 
et al., "Fluorescence microscopy imaging of cells with a plasmonic 
dish integrally molded," Japanese Journal of Applied Physics, vol. 
55, p. 03DF12, 2016. 
[130] G. Manas Ranjan, H. Austin, S. Mayandi, C. Yi, and G. L. Liu, 
"Enhanced 3D fluorescence live cell imaging on nanoplasmonic 
substrate," Nanotechnology, vol. 22, p. 365203, 2011. 
[131] A. Tittl, H. Giessen, and N. Liu, "Plasmonic gas and chemical 
sensing," Nanophotonics, vol. 3, pp. 157-180, 2014. 
[132] Z.-q. Liu, H.-b. Shao, G.-q. Liu, X.-s. Liu, H.-q. Zhou, Y. Hu, et 
al., "λ3/20000 plasmonic nanocavities with multispectral ultra-
narrowband absorption for high-quality sensing," Applied Physics 
Letters, vol. 104, p. 081116, 2014. 
[133] M.-D. Zhou, S. Hao, A. J. Williams, R. A. Harouaka, B. Schrand, 
S. Rawal, et al., "Separable Bilayer Microfiltration Device for 
Viable Label-free Enrichment of Circulating Tumour Cells," 
Scientific Reports, vol. 4, p. 7392, 2014. 
[134] P. L. Stiles, J. A. Dieringer, N. C. Shah, and R. P. V. Duyne, 
"Surface-Enhanced Raman Spectroscopy," Annual Review of 
Analytical Chemistry, vol. 1, pp. 601-626, 2008. 
[135] N. L. Gruenke, M. F. Cardinal, M. O. McAnally, R. R. Frontiera, 
G. C. Schatz, and R. P. Van Duyne, "Ultrafast and nonlinear 
surface-enhanced Raman spectroscopy," Chemical Society 
Reviews, vol. 45, pp. 2263-2290, 2016. 
[136] K. C. Bantz, A. F. Meyer, N. J. Wittenberg, H. Im, O. Kurtulus, S. 
H. Lee, et al., "Recent progress in SERS biosensing," Physical 
Chemistry Chemical Physics, vol. 13, pp. 11551-11567, 2011. 
[137] N. Zhang, K. Liu, Z. Liu, H. Song, X. Zeng, D. Ji, et al., 
"Ultrabroadband Metasurface for Efficient Light Trapping and 
Localization: A Universal Surface-Enhanced Raman Spectroscopy 
Substrate for “All” Excitation Wavelengths," Advanced Materials 
Interfaces, vol. 2, pp. 1500142-n/a, 2015. 
[138] K. J. Freedman, L. M. Otto, A. P. Ivanov, A. Barik, S.-H. Oh, and 
J. B. Edel, "Nanopore sensing at ultra-low concentrations using 
single-molecule dielectrophoretic trapping," Nature 
Communications, vol. 7, p. 10217, 2016. 
[139] A. Barik, S. Cherukulappurath, N. J. Wittenberg, T. W. Johnson, 
and S.-H. Oh, "Dielectrophoresis-Assisted Raman Spectroscopy of 
Intravesicular Analytes on Metallic Pyramids," Analytical 
Chemistry, vol. 88, pp. 1704-1710, 2016. 
[140] H.-R. Park, X. Chen, N.-C. Nguyen, J. Peraire, and S.-H. Oh, 
"Nanogap-Enhanced Terahertz Sensing of 1 nm Thick (λ/106) 
Dielectric Films," ACS Photonics, vol. 2, pp. 417-424, 2015. 
[141] D. Cialla, K. Weber, R. Boehme, U. Huebner, H. Schneidewind, 
M. Zeisberger, et al., "Characterization and bioanalytical 
application of innovative plasmonic nanostructures," in 2011 Asia 
Communications and Photonics Conference and Exhibition (ACP), 
pp. 1-8, 2011. 
[142] B. J. Roxworthy, A. M. Bhuiya, V. V. G. K. Inavalli, H. Chen, and 
K. C. Toussaint, "Multifunctional Plasmonic Film for Recording 
Near-Field Optical Intensity," Nano Letters, vol. 14, pp. 4687-
4693, 2014. 
[143] J. E. Song and E. C. Cho, "Dual-responsive and Multi-functional 
Plasmonic Hydrogel Valves and Biomimetic Architectures Formed 
with Hydrogel and Gold Nanocolloids," Scientific Reports, vol. 6, 
p. 34622, 2016. 
[144] C.-P. Jen, Y.-H. Chen, C.-S. Fan, C.-S. Yeh, Y.-C. Lin, D.-B. 
Shieh, et al., "A Nonviral Transfection Approach in Vitro:  The 
Design of a Gold Nanoparticle Vector Joint with 
Microelectromechanical Systems," Langmuir, vol. 20, pp. 1369-
1374, 2004. 
[145] B. D. Sosnowchik, P. J. Schuck, J. Chang, and L. Lin, "Tunable 
Optical Enhancement from a Mems-Integrated TiO<inf>2</inf> 
Nanosword Plasmonic Antenna," in 2009 IEEE 22nd International 
Conference on Micro Electro Mechanical Systems, pp. 128-131, 
2009. 
[146] T. Stark, M. Imboden, S. Kaya, A. Mertiri, J. Chang, S. Erramilli, 
et al., "MEMS Tunable Mid-Infrared Plasmonic Spectrometer," 
ACS Photonics, vol. 3, pp. 14-19, 2016. 
[147] H. Honma, K. Takahashi, M. Fukuhara, M. Ishida, and K. Sawada, 
"Free-standing aluminium nanowire arrays for high-transmission 
plasmonic colour filters," IET Micro & Nano Letters, vol. 9, pp. 
891-895, 2014. 
[148] Y. Wang, Y. D. Gokdel, N. Triesault, L. Wang, Y. Y. Huang, and 
X. Zhang, "Magnetic-Actuated Stainless Steel Scanner for Two-
Photon Hyperspectral Fluorescence Microscope," Journal of 
Microelectromechanical Systems, vol. 23, pp. 1208-1218, 2014. 
[149] T. Kan, N. Tsujiuchi, E. Iwase, K. Matsumoto, and I. Shimoyama, 
"Planar near-infrared surface plasmon resonance sensor with Si 
prism and grating coupler," Sensors and Actuators B: Chemical, 
vol. 144, pp. 295-300, 2010. 
 
